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CHAPTER-1 
INTRODUCTION 
"Oh what idiots we all have been! Oh but this is wonderful! This is just as it must be! 
Have you and Use Meitner written a paper about it?" 
- Niels Bohr to Otto Frisch upon being told about the discovery of nuclear 
fission. 
1.1 PROLOGUE 
Understanding the fundamental nature of matter has been an exclusive pursuit 
of scientists since long. The studies in this regard got a great boost, with the 
discoveries of electron and radioactivity during the last decade of 19' century. Since 
then, the microscopic world of atomic nucleus has been explored intensively. In an 
atom, nucleus is a very small entity at the centre and consists of nucleons. The atomic 
nucleus was discovered, by Rutherford in 1911. The Rutherford-Bohr model of the 
atom was followed by the advent of quantum mechanics developed by physicists like 
de-Broglie, Schrodinger, Heisenberg, Pauli, Dirac and others. The consistent efforts 
on the experimental and theoretical fronts finally led to the present understanding of 
the nucleus and the atom. In an atomic nucleus, neutrons and protons are held together 
by strong attractive nuclear forces. Though, information on exact nature of nuclear 
forces is still limited and not established analytically, however, much progress has 
been made towards its phenomenological understanding. One way of getting this 
information is through the study of nuclear reactions. The nuclear reactions may be 
broadly categorized as elastic and inelastic reactions. In the former, interacting 
partners only change their direction of motion while in the latter, one or both of the 
interacting partners may change their internal states alongwith their nuclear 
properties. Since, the time scale involved in nuclear reactions is very short (-lO"^^-
10 sec), therefore, it is not possible to visualize the process directly. In 1936, 
Danish physicist, Niels Bohr proposed the description of nuclear reaction on the basis 
of compound nucleus (CN) theory [1]. According to this theory, nuclear reaction is a 
two-stage process, (i) the formation of a relatively long-lived intermediate nucleus 
and its subsequent decay. Here, the incident nucleus loses all its energy to the target 
1 
nucleus and becomes an integral part of an excited compound nucleus (CN), 
(ii) After a relatively long period of time (= 10"'^  sec) and independent of the 
properties of the reactants, the compound nucleus disintegrates, usually into an 
ejected small particle leaving behind a relatively heavier product nucleus. The CN 
theory is based on the above description referred to as the 'Bohr's independent 
hypothesis'. As a matter of fact, the lapse time between the formation of composite 
system and its decay is too large, and hence, no trace is left to decide its mode of 
formation [1]. The validity of independent hypothesis has been experimentally 
verified by Ghoshal [2] in 1950, where the reaction cross-sections of almost same 
orders of magnitude (within the experimental uncertainties) have been observed for 
particular reaction products formed via different entrance channels. Further, the 
discovery of fission opened another important area of nuclear reaction studies. The 
process of fission was explained initially by applying the liquid drop model of the 
nucleus realizing that it would be energetically favourable to split the heavy nucleus 
into two fragments. 
Over the years, the general features of nuclear fission reactions were 
understood, however, the dynamics of fission still needs to be explored. The 
availability of heavy ion particle accelerators, one at the Inter University Accelerator 
Centre (lUAC), New Delhi and the other at the Tata Institute of Fundamental 
Research (TIFR), Mumbai gave a boost to the study of HI induced fusion-fission 
reactions in our country. It may be pointed out that, a large number of experimental 
reports indicate that fission takes place from fully equilibrated compound nucleus 
(CN) undergoing shape changes to reach a saddle configuration following statistical 
rules. A detailed discussion on heavy ion induced reactions and how they are different 
from light ion induced reactions is given here. 
1.2 HEAVY-ION REACTIONS 
The term heavy ion (HI) is generally used for the nuclei which are heavier 
than helium. The heavy ion induced reactions are widely different from light ion 
induced reactions because of the fact that both the projectile and the target nuclei are 
many nucleon systems, consequently there is large natural electrostatic repulsion 
between interacting partners. However, the energy and momentum carried by the 
heavy ions are relatively large. At energies ~ a few tens of MeV, heavy ions have 
wavelength much less than nuclear radii so that in some respect their motion may be 
considered similar to that of a classical particle ( y l « R). That is why in many cases 
of heavy ion reactions, the collisions are explained on the basis of classical theory [3]. 
A typical classical picture of heavy ion collisions is given in Fig. 1.1. According to 
classical picture, broadly there may be three types of collisions, which may be 
described on the basis of impact parameter '6' or the corresponding angular 
momentum '!'. As can be seen from Fig. 1.1, at projectile energies deep below the 
fusion barrier (5/^) and at large values of impact parameter 'Z>', the projectile does not 
touch the target nucleus and is elastically scattered through the Coulomb field leading 
to the 'distant collisions'. In such type of reactions, no mass is transferred from the 
projectile to the target nucleus and/or vice-versa, and the Coulomb forces exclusively 
determine the process (elastic scattering and/or Coulomb excitation). However, when 
Grazing collision 
Distant collision 
Elastic Scattering 
Direct Reaction 
"^ Compound Nucleus 
Formation 
Dissipotive Collision 
Elastic Scattering 
Coulomb Excitation 
Figure 1.1: Distant, Grazing and close collisions in the classical picture of HI 
reactions. 
the projectile and target nuclei come into close contact then the nuclear interactions 
set in. Meaning thereby, if the impact parameter is comparable to the sum of the radii 
of the interacting partners, 'grazing collisions' may takes place and the projectile can 
be elastically or in-elastically scattered. As such, the projectile smoothly grazes along 
the outer surface of the target nucleus. Moreover, when the projectile interacts with 
the target nucleus at smaller values of impact parameter with relatively high 
bombarding energies (just enough to enter in the nuclear field range of target nucleus) 
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then 'deep inelastic collisions' (DIG) dominate. Here, the projectile interacts strongly 
with the target nucleus. In this region the overlap of the ions is much less than in case 
of fusion, but it is sufficient to allow a strong interaction between the two ions which 
transforms a sizeable fraction of kinetic energy into internal excitation energy of two 
reaction products. In such a case, the nuclear density rises very rapidly in the surface 
region of target nucleus, and a few nucleons may get transferred from the projectile to 
the target nucleus, which is also referred to as the 'massive transfer reaction'. Further, 
if the projectile interacts with the target nucleus very strongly at still smaller values of 
impact parameters, the projectile completely fuses with the target nucleus resulting 
into the formation of a composite nucleus which undergoes statistical equilibrium. 
The typical ranges of impact parameters that may lead to different processes 
are summarized in Table. 1.1. The total cross-section may be related to the Z-values 
according to the relation; 
a = nX^l^ (1.1) 
where, X is the reduced wave-length of the incident ions. The Fig 1.2, shows the 
contribution of various i-values towards the total cross-section. In this figure, the 
values /crit, 'f, D^ and /max represent the limits of the angular momenta for the 
compound nucleus (CN) formation, fission-like (FL) phenomena, deep inelastic 
scattering (D) and quasi elastic (QE) reactions respectively. However, the relatively 
higher /-values contribute towards elastic (EL) scattering and Coulomb excitation 
(CE). The slanting long dashed line represents the geometrical partial cross-section 
and may be given by expression, 
-=2nXH (1.2) 
dl 
Vertical dashed lines indicate the extensions of various /-windows in a sharp 
cutoff model with the characteristics /-values noted at the abscissa. Unshaded areas 
represent the diffused /-windows assumed in a smooth cutoff model [4]. 
At present, it is not clear, how large the overlapping regions are for an 
individual mode of reaction. In the simplest form, one can set an assumption of effect-
Table 1.1: Values of distance of closest approach (impact parameter) and 
angular momentum (1) representing different types of heavy-ion 
reactions 
Distance of closest approach 
(''niin) 
borr™n>RN(=Ri+R2) 
RF < rmin < RDIC 
RDIC < Tmin < RN 
0 < rm,n < RF 
Angular 
Momentum (/) 
/ > / N 
/ D I C > / > ^N 
/N> I > IDIC 
Klf 
Type of Nuclear reactions 
Coulomb excitation 
(Rutherford (elastic) scattering) 
Close collision 
(Deep in-elastic scattering) 
Transfer reactions 
(elastic and in-elastic scattering) 
Fusion reaction 
(Compound nucleus formation) 
Here, r„,„ is the distance of closest approach, RN is the grazing range of nuclear force, RDIC is 
the minimum distance for the deep inelastic collision, while Rf is the minimum distance for 
fusion reactions. 
t 
da 
k 
./I 
A" 
. . . . • • • • • • • 
0 
CUE 
^vA ^S> 
'mas 
Figure 1.2: Schematic illustration of the reaction probability as a function of 
entrance channel angular momentum (/ ). 
-ive nuclear potential Veff, that depends on the relative separation {r) of two interacting 
nuclei. The Veff, as a function of V and relative angular momenta T may be written 
as the sum of Coulomb, nuclear and centrifugal potential terms and may be given as, 
Veff {r, I) = Vcoul ( r ) + V^ nud (r) + Vcent C ,^ 0 (13) 
where, Vcoui(r) is the Coulomb potential, V„uci(r) is the nuclear potential and Kentfr, I) 
is the centrifugal potential. 
The repulsive Coulomb potential Vcouifr) may be given as, 
^coui (r) = '-^: for v>(R, + R,) (1.4) 
and 
V'couKr) = ^ ( 3 - £ - ) ; f o r r < (R, + R,) (1.5) 
Here, Z\ and Z2 are the atomic numbers, while, Ri and R2 are the radii of the 
projectile and the target nuclei, respectively. The complex short-range attractive 
nuclear potential V„uci(r) has been described in different forms. Wood-Saxon form is 
the simplest form for the nuclear potentials and is given as; 
where, R= Vo {A/^^ + A2^\ VQ is the depth of the potential and 'o' is the diffuseness 
parameter. 
The repulsive centrifugal potential Vcent(r,l) is given by, 
2 
Vcentir,l)=—-;j- (1-7) 
here, I is the angular momentum and fi the reduced mass of the interacting nuclei. The 
effective potential Veff(r, I) can be written as; 
where, the terms used have their usual meanings. It may be observed that the 
magnitude of jur^ strongly affects the contribution of the centrifugal potential to the 
effective interaction potential for each partial wave. As a representative case, the 
effective potential Veff(r, I) for ' 0+ Ta system, as a function of relative separation 
(r) between interacting ions is shown in Fig. 1.3, for different I- values. In this figure 
'r' is the distance of closest approach which is related to the impact parameter '^ ' by 
the relation [5], 
r = ^ = = (1.10) 
Its relation to the interaction radius '7?,>,t' determines the characteristics of the reaction 
which are described on the right panel of the Fig. 1.4. 
The heavy-ion collisions with r > Ri„i do not lead to nuclear interactions. In 
case of such collisions, Coulomb excitation and elastic scattering are the only 
phenomena which yield the scattered projectile and target in exit channel. For 
somewhat smaller angular momenta / associated with r values of the order of 
interaction radius (r = Ri„,), inelastic scattering and exchange of few nucleons are 
induced in peripheral or grazing like collisions. Consequently there is some loss of 
kinetic energy of relative motion. For smaller /-values, with r < R,,,,, the interacting 
nuclei come into contact. A window opens betweens reaction partners along with a 
considerable exchange of mass and damping of the relative kinetic energy. Such 
damped interactions may produce more than two heavy fragments in the exit channel. 
For r « R„„ deeply penetrating fusion-fission like collision occurs where the window 
between the reaction partners becomes so large that a single nucleus with a 
continuous interior is produced. Apart from the above discussed reactions, if the 
excitation energy of the composite system is quite high, the process of fission may 
also be a dominant mode of interaction. 
300 
% 
200 
% 100 
• ' — 1 \ \' [ i;- ' — I — • — r 
J I I I I I L J I I l_ 
2 4 6 8 10 12 14 16 18 
r(fm) 
Figure 1.3: Plots of effective potential Veff(r, I) as a function of relative separation 
r, between the interacting ions for the system O + Ta 
REACTION FLOW 
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Figure 1.4: Schematic diagram of the classical scheme of collision between heavy 
nuclei. 
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1.3 FISSION 
Nuclear fission is an extremely complex reaction. Fission can, in some heavy 
nuclei, occur spontaneously, or, in the excited nuclei produced in the nuclear reaction. 
In general, the energy released in a single fission reaction of a heavy nucleus amounts 
to around 200 MeV or so. This energy release is due to the increase in the binding 
energy of the fission fragments. In general, the binding of nuclei is governed by the 
competition of two forces. The electrostatic interaction acts repulsively between the 
protons, while it leaves the neutrons unaffected. The strong interaction acts primarily 
attractively, and it makes little difference between protons and neutrons, i.e., 
attraction can be present in all pair wise combinations of protons and neutrons. The 
strong interaction outperforms the electromagnetic interaction at typical distances 
between two nucleons in a nucleus (~ 1 fm), and has a short range, which vanishes 
almost at a few fm. The electrostatic repulsion, on the other hand, is intrinsically 
weaker in magnitude, but has an infinite range and varies as I/r. As a consequence, 
nuclei in the mid-mass range are the most tightly bound. While in heavier nuclei, 
there is large repulsion between the protons, which increases as Z^  and the heavy 
nucleus may split into fragments. The fragments can gain binding energy by splitting 
into two halves. The phenomenon of fission can be explained theoretically with the 
help of semi-empirical mass formula [6]. In Fig. 1.5, the potential energy during the 
\ 
V y. 
Saddle 
B. 
# 
Scission 
^^r Deformation 
^ 
Figure 1.5: Potential energy during the fission process vs. the deformation. 
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fission process is shown. The minimum in energy, where the nuclear ground state is 
located, appears at a moderate deformation of the nucleus. A further increased 
deformation, however, will not be fully compensated by Coulomb or structure effects, 
which results in an energy increase, and this is represented as the fission barrier {Bj). 
In order that the fission takes place, the nucleus has to overcome Bf. When a certain 
degree of deformation (saddle point) has been reached, the Coulomb forces, striving 
to separate the protons and the attractive nuclear forces are equally strong. As the 
deformation slightly increases beyond this point, the Coulomb forces become 
dominant and the nucleus undergoes fission. 
Experimentally it was observed that depending upon the excitation energy, 
angular momentum, mass asymmetry of the entrance channel etc., the composite 
system formed as a result of HI collision either forms an equilibrated compound 
nucleus or undergoes fission before equilibration. The damping of the incoming radial 
motion relaxes the excitation energy by inducing spinning of the composite system 
and also statistical evaporation of particles (mostly neutrons). The main features of 
the fusion-fission reactions of the compound nuclear fission were established. 
However, it became quite apparent in early nineties that considerable departures were 
possible and new reaction paths or mechanism were needed to explain anomalous 
properties in fission observables. As the total angular momentum J of the CN 
increases, fission barrier begins to drop and ultimately reaches to zero value where 
CN becomes unstable against spontaneous fission. Such prompt fission reactions are 
referred to as fast fission [7]. The angular distributions of the fragments have been 
found to be forward peaked and the mass distribution are extremely wide. However, 
some reports indicate that at energies, typically intermediate between Coulomb barrier 
and that required for the onset of the fast fission, the mass distribution of the fission 
fragments are found to be transforming to mass asymmetric. These processes were 
named as ' quasi fission' [8] as it is apparent that the systems are not proceeding along 
fusion-fission path and follow entirely different path. This gives an important 
information about the dynamics of the heavy ion induced fusion-fission reactions. 
Further, fission like events may also arise due to the partial linear momentum transfer 
(termed as incomplete fusion- fission (IFF) events) and/or by the full linear 
momentum transfer (termed as complete fusion- fission (CFF) events). In such heavy-
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ion reactions, the excitation energy and angular momentum imparted in the system are 
relatively higher, as such the process of fission is also a dominant mode of reaction. 
The final reaction products i.e., fission-like events, may be produced by the direct 
fission {first chance fission) and/or after the emission of few nucleons {second, third, 
etc. chance fission) and characteristic y-radiations from fission-like events [9]. As a 
representative case, schematic representations of CFF and IFF reactions in 0+ Ta 
system are shown in Figs. 1.6 and 1.7, respectively. As can be seen fi^om Fig. 1.6, that 
the composite system '^ ^Tl formed as a result of complete fusion (CF) of '^0+"*'Ta 
may undergo fission giving rise to the population of ^'Zn and "^Cd residues leaving 
behind an a-particle and few nucleons. However, the same heavy residues may also 
be populated if the incomplete fusion (ICF) of '^C (if '^0 breaks up into '^ C + a) with 
" '^Xa forms a composite system '^ ^Au in excited state, which undergoes fission (see 
Fig. 1.7). A general pictorial representation of de-excitation of a composite nucleus by 
_ • n 
n 
Figure 1.6: Pictorial representation of complete fusion-fission (CFF). 
"c —^^  immum •n • p i^^Au 
I • 
I n 
" Z n 
Figure 1.7: Pictorial representation of incomplete fusion-fission (IFF). 
the emission of light nuclear particle(s), the characteristics y- radiations and/or via 
fission, (depending on the available excitation energy and entrance channel mass 
11 
asymmetry), is shown in Fig. 1.8. In the present work, in order to have complete 
understanding of the processes involved in "^ O + '^ ' la interaction at ELab ~ 6.5 
MeV/nucleon, a programme to study the dynamics of the processes in this system has 
been undertaken. In the first part of the work the experimental data on excitation 
functions for a large number of reactions in this system were analysed to study the 
complete and incomplete fusion processes in the energy range ~ 76-100 MeV [10]. 
Target 
Two pear shaped fragments 
Light emitted particles 
Figure 1.8: Pictorial representation of fusion-fission process passing successively 
through various stages. 
Further, experiments were carried out to study the fractional momentum 
transfer involved in CF and/or ICF processes at several beam energies for the 
same system [11]. During the analysis of the data for this system it has been observed 
that several residues, which are not expected to be populated via CF and/or ICF 
processes, are also populated. These residues were found to have charge and atomic 
mass numbers around half of the CF and/or ICF residues indicating possibility of their 
production via fission of heavy composite system formed by CF and/or ICF. As such, 
the data has been further analysed within the frame work of fission to study the fission 
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fragment mass distribution at ~ 97 and 100 MeV beam energy. In the present report a 
detailed analysis of the '^O+'^'Ta system has been presented [12, 13J. 
In the Chapter II of this dissertation, a detailed description of the pelletron 
accelerator and the technique used for the measurements along with the irradiation 
etc., are described. However, in the Chapter III, measurement of fission fragments, 
consisting of formulations used, identification of fission residues and relevant nuclear 
data etc., are presented. Further, the results of fusion-fission experiment for the 
'^O+'^'Ta system have been used to obtain mass as well as isotopic yield distributions 
of fission fragments and are described in the Chapter IV. Summary and conclusions 
are presented at the end. 
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CHAPTER-2 
EXPERIMENTAL DETJIILS 
"The test of all knowledge is Experiment. Experiment is the sole judge of scientific 
truth" 
- Richard F. Feynman 
The experiments reported in this dissertation have been carried out, using the 
15UD Pelletron accelerator [1, 2], at the Inter University Accelerator Centre (lUAC), 
New Delhi, India. Brief details of this accelerator are described in section 2.1. Details 
of the activation technique used for measuring the cross-sections of the reaction 
products are given in section 2.2. The method of the sample preparation, for the 
measurement of cross-sections used to obtain the fission fragment mass distribution 
and isotopic yield of residues populated via complete fusion (CF) and/or incomplete 
fusion (ICF), are presented in section 2.3. The method of irradiation of the samples is 
presented in section 2.4, while the post irradiation analysis including the calibration 
and efficiency determination of High Purity Germanium (HPGe) spectrometer are 
described in section 2.5. 
2.1 PELLETRON ACCELERATOR AT THE lUAC 
A particle accelerator is one of the most versatile instruments, used to study 
the nature of the matter and energy. The lUAC, New Delhi, Pelletron is a 15UD, 
tandem electrostatic accelerator and is capable to accelerate any ion (independent of 
its mass and charge state) from proton to Uranium in the energy region from a few 
tens of MeV to a few hundred MeV, depending on the ion species. The accelerator is 
installed in a vertical configuration in a huge stainless steel tank of 26.5 meter in 
height and 5.5 meter in diameter. The tank is filled with a high di-e!ectric constant gas 
SF6 at ~ 7-8 atmospheric pressure to insulate the high voltage terminal from the tank 
wall to prevent the breakdown of high voltage. In the middle of the tank there is a 
high voltage terminal, which can hold potential upto 16 million volts (MV). Since, 16 
MV is quite high a potential, special technique of charging the terminal is adopted 
using the pelletron charging chain. 
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The basic principle of acceleration of cliarged particles with this accelerator is 
similar to that of Van de Graaff generator, except a novel feature that it uses the 
accelerating voltage twice and hence the name tandem accelerator. Once the terminal 
is charged to a high voltage, it may be used for accelerating any ion beam. A typical 
layout of Pelletron setup is shown in Fig. 2.1. By attaching an extra electron to the 
neutral atoms, negative ions are produced in the ion source. The negative ions are 
injected at the ground potential to the accelerator with the help of an injector magnet 
and the beam is accelerated towards the terminal at high positive potential, increasing 
its energy to eV, (where, Vt is the terminal potential in million volts). At the terminal, 
these ions pass, either through a thin carbon foil or some gas used as stripper, which 
strips-off at least few electrons from each negative ion, thereby, converting them to 
positive ions. Since, the terminal is at high positive potential, the positive ions formed 
after stripping are now repelled and accelerated below the terminal to ground 
potential. If the charge state of positive ion after passing through the stripper at the 
terminal is q, then the energy gained in the acceleration below the terminal to the 
ground potential is qVi. Therefore, after passing through the two stages of acceleration 
the final energy of the ion beam is given by. 
-final = Eo + (q + l)Vt MeV (2.1) 
where, Eo is the energy of the ion before acceleration by terminal voltage V, and q is 
the charge state of ion after stripping. Since, Eo« Ef,„ai, it may be neglected. As such, 
the above equation may be written as; 
Efinai = (q + Wt MeV (2.2) 
These high-energy ions are then passed through the analyzing magnet and energy slits 
which selects the particular ions of the desired energy. With the help of switching 
magnets the beam of ions is then directed towards the desired experimental area. A 
schematic diagram of different beam lines at the lUAC, New Delhi Pelletron facility 
is shown in Fig. 2.2. 
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Figure 2.1: A schematic diagram of the lUAC Pelletron. 
17 
ljj>«-^ 
KCtM 
mM 
•nr«M 
• i * < « - ^ 
C ^ ' if • 4 •urwi 
BioSc 
AMS 
MatSc 
GPSC 
Bto. Sc ^ BlologkHl Science 
AMS -^ Accekralor Maw Spectrometry 
HIRA ^ Heavy Ion RcactloD Analyzer 
LINAC -> linear Accelerator 
Mat S c ^ Kbterial Science 
GDA -^ Ganuna Detector Array 
GPSC -^ General Purpoie Scattering Chamber 
Figure 2.2: A schematic diagram of different beam lines at lUAC pelletron 
facility. 
2.2 STACKED FOIL ACTIVATION TECHNIQUE 
In the present work, stacked foil activation technique [3] has been used for the 
measurement of cross-section of the residues populated in various processes. It may 
be emphasized that activation technique is a non destructive method of measuring 
concentration of constituents in a given sample by measuring the characteristic 
radiations emitted by the radioactive nuclides resulting from selected nuclear 
transformations. Activation technique is one of the simplest and powerful methods for 
measuring the cross-section of the nuclear reactions and to deduce important 
information about the reaction dynamics. In this technique, a stack of targets backed 
by suitable catcher/degrader foils is irradiated by an energetic beam. After the 
irradiation, the activities induced in the target-catcher foil assembly are recorded off-
line for a considerably long time depending on the half-lives of reaction products of 
interest. Some of the important advantages of the activation technique are given 
below; 
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• When a sample is irradiated, several nuclear reactions may take place 
simultaneously. Many of these reactions produce radioactive nuclides. Each 
radioactive nuclide has its characteristic half-life and decay mode. The technique 
provides the possibility of measuring cross-sections for several reactions at different 
projectile energies in a single irradiation, hence the beam-time requirements may be 
minimized. 
• Measurement of induced activity may be done after the irradiation. Therefore, there 
is no possibility of contamination from the beam background, and the spectrum 
becomes quite clear. 
• With the availability of high resolution semi-conductor detectors, it is now possible 
to separate out the activities of different reaction products emitting y-rays of nearly 
same energies quite accurately. As a result, errors in the measurements are expected 
to be quite low. Further, often a given radio-active residue emits gamma rays of more 
than one energy. By measuring the intensities of these radiations, cross-section for the 
production of the residue can be determined in a self consistent way. 
Though, activation technique is quite simple and accurate but sometimes it 
becomes complicated due to the presence of radiations (y-rays) of almost similar 
energies for more than one reaction products. In case of mixing of nearby y-rays due 
to different isotopes, the contributionof each isotope can be separated out by decay 
curve analysis. The unique half-life of each radioactive isotope provides a specific 
way for its identification and measurement. It may, however, be pointed out that this 
technique is limited only for the reaction products having measureable half-lives. 
2.3 SAMPLE PREPARATION 
In the present work, self supporting samples of isotopically pure '^'Ta 
(99.99%) of thickness = 1.5 mg/cm^ have been prepared by rolling method and were 
pasted on ^/-catcher foils (also prepared by rolling method) of thickness ~ 2.0 
mg/cml A typical photograph of the machine at lUAC, New Delhi used for rolling 
the samples is shown in Fig. 2.3. The thickness of theyiZ-catcher was chosen keeping 
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Figure 2.3: The rolling machine used for the preparation of thin samples and 
catcher foils at the target laboratory of lUAC. 
in view of the fact that even the most energetic residues produced due to complete 
momentum transfer may be trapped in the catcher thickness. Further, the thicknesses 
of each sample and the catchers were measured by a-transmission method in which 
5.485 MeV a-particles obtained from '^^ 'Am source were allowed to pass through the 
sample foil to estimate the energy loss in the sample while traversing the sample 
materials. A block diagram of experimental setup used for the thickness 
measurements of samples and catcher foils is shown in Fig. 2.4. It may however, be 
Tuget Preamplifier 
Ddcrtiii 
A^hi SouneV "^Am) 
Bias Supply 
d-rays of 
5.485 MeV 
Ainplifiei 
MCA 
Figure 2.4: A typical block diagram of the setup used for the thickness 
measurements. 
pointed out that the source, the sample whose thickness is to be determined and the 
Si(Li) detector are kept in a vacuum chamber. During the irradiation, the Ai-backing 
of targets served both as energy degrader as well as catchers for the residues recoiling 
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out of the target foil during the irradiations. The samples were cut into the size of 1.2 
X 1.2 cm^ and were pasted on Al-holders having concentric hole of 1.0 cm. The Al-
holders have been used for rapid dissipation of heat produced during the irradiation. 
2.4 IRRADIATION 
Irradiations were performed in the General Purpose Scattering Chamber 
(GPSC) of 1.5 m diameter having an in-vacuum transfer facility (IFF) using 
conventional recoil catcher technique. Using this ITF facility the samples after 
irradiation may be changed in the GPSC without disturbing the vacuum inside the 
chamber. Thus, the time lapse between the stop of the irradiation and the counting of 
the samples may be considerably reduced and thus induced activities of short half-
lives may be recorded. Typical photographs of GPSC and ITF are given in Figs. 2.5 
(a) and (b), respectively. The flux of the incident ""O-ions was monitored using an 
ORTEC current integrator, by taking into account the total charge collected in the Far-
Figure 2.5: (a) The general purpose scattering chamber (GPSC), (b) typical 
arrangement of an in-vacuum transfer facility (ITF), used for in-
vacuum transfer of irradiated samples. 
-aday cup, placed behind the target-catcher foil assembly. In an auxiliary experiment 
the two silicon surface barrier detectors D] and Di (Rutherford monitors) were kept at 
30 with respect to the direction of the beam at the forward angles, to record the 
scattered incident ions for flux determination. Flux of incident ion beam determined 
from the counts of Rutherford monitors and from the integrated counts of Faraday cup 
were found to agree with each other within 5%. 
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The samples of Ta along with appropriate catcher foil were irradiated at s; 
97 and 100 MeV beam energies. As the incident beam passes through the stack, it 
loses its energy both in the target material and in the Al-catcher. As such, successive 
targets of the stack get irradiated at different energies. The energies of the incident ion 
on successive targets have been calculated using stopping power values obtained from 
code SRIM [4] based on the range-energy formulations. During the irradiation, the 
samples along with Al-catchers were placed normal to the beam direction, so that the 
recoiling products could be trapped in the catcher foil placed just behind the target 
and there would be no loss of activity. Keeping in view the half-lives of interest, 
irradiations were carried out for ~ 8-10 hrs duration. The Pelletron crew provided a 
constant beam current = 50 nA throughout the irradiations. 
2.5 POST IRRADIATION ANALYSIS 
After the irradiation, target-catcher assembly was taken out from the GPSC 
employing ITF assembly. In order to identify the characteristic y-rays of residues in 
the complex y-ray spectrum, a detector of good resolution with proper calibration is 
required. The post irradiation analysis has been carried out using a y-ray spectrometer 
with a pre-calibrated HPGe detector of 100 c.c. active volume coupled to a PC 
through CAMAC based FREEDOM software [5]. The HPGe detector was pre-
calibrated both for energy as well as efficiency by using various standard y-sources 
i.e., ^^Na, ^*'Co, '^'Ba, ' "Cs and '^ ^Eu of known strengths. A list of prominent y-rays 
of the standard '^ ^Eu source used in the present measurements are given in Table 2.1. 
The geometry dependent efficiency (G^) of the HPGe detector at a given energy has 
been determined using the following expression; 
G = (2.3) 
^ W„ exp (-At)/y 
where, A'^  is the disintegration rate of the standard y-source at the time of 
measurement, N,„ is the disintegration rate at the time of manufacture of the source, A 
is the decay constant, t is the time elapsed between the manufacture of the source and 
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Table 2.1: A list of y-ray energies and intensities of the prominent y-rays from 
standard '^ ^Eu source. 
y-ray energy 
(keV) 
121.78 
244.69 
344.27 
443.96 
778.90 
867.37 
964.07 
1089.73 
1112.07 
1212.94 
1299.14 
1408.00 
Absolute Intensity 
(%) 
28.58 
7.58 
26.54 
2.82 
12.94 
4.24 
14.60 
1.72 
13.64 
1.42 
1.62 
21.00 
0.24 
0.21 
0.18 
0.15 
0.12 
0.09 
0.06 
0.03 
0.00 
n 0.10 
>» 
u 
c 
UJ 0.08 
0.06 
0.04 
0.02 
0.00 
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Figure 2.6: The geometry dependent efficiency curves as a function of y-ray 
energy at different source-detector separations (d). Solid lines 
represent the best polynomial fit. 
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the start of the counting, and /^  is the branching ratio of the characteristic y-ray. 
Further, the spectrometer resolution was ~ 2 keV for 1.33 MeV y- ray of''''Co source. 
Typical geometry dependent efficiency of the spectrometer, as a function of y-
ray energy for two different source-detector separations are shown in Fig. 2.6. The 
geometry dependent efficiency curves are found to be best fitted with a 5"^  order 
polynomial function of the type; 
Gg = ao + a^E + a2E^ + a-^E^ + a^^E^ + a^E^ (2.4) 
where, E is the energy of the y-ray and ao, ai, a2, as, a4 and as are the coefficients 
having different values for each source-detector separation. In the present work, the 
standard y sources used for efficiency determination and irradiated target-catcher foil 
assemblies were counted in the same geometry in order to avoid the errors due to 
solid angle effect. Attention was paid to keep the dead time of the detector <10% by 
suitably adjusting the source-detector separation for each irradiated sample. 
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CHAPTER-3 
MEASUREMENT OF FISSION RESIDUES 
"There are two possible outcomes: if the result confirms the hypothesis ther) you've 
made a measurement. If the result is contrary to the hypothesis, then you've made a 
discovery." 
- Enrico Fermi 
If an incident particle 'a' hits a target nucleus X, emitting a particle of type h 
leaving behind the residual nucleus F, then the binary nuclear reaction may be 
represented as, 
a + X ^ K + 6 (3.1) 
The probability of occurrence of a particular nuclear reaction is given by the quantity 
called cross-section. The cross-section is, generally, expressed in units of 'barn" 
which is equal to lO"^ '^  cm .^ Experimentally, the cross-section for a reaction X(a, b)Y 
may be defined as the number of events of a given type X(a, b)Y per unit area per unit 
target nucleus per unit time. As such, the cross-section for this reaction may be 
represented as; 
, _ . Number of events X(a.b)Y/area 
^Xia.b){E) j ^ ^ (3.2) 
where, NQ is the number of target nuclei in the sample, <Z>is the flux of incident beam 
and 7' is the time of irradiation of the samples. The cross-section depends not only on 
the beam energy but also the type of projectile and target nuclei. For the 
determination of the cross-section of a particular reaction, the quantities given in the 
denominator of the above equation are known from experimental information about 
beam flux and target thickness arrangement and the quantities in the numerator are 
required to be measured. Number of events of a given type X(a,b)Y in equation 3.1 
may be obtained from; 
(a) On-line measurements: In this technique, the detection of the induced 
activity is done simultaneously with the irradiation of the sample. The reaction cross-
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section can be measured by analysing the emitted particles or prompt gamma ray 
spectra associated with the reaction residues. 
(b) Off-line measurements: In this technique, the detection of the induced 
activity and the irradiation of the target are done separately. This technique is also 
called activation technique because of the fact that this method is used to analyse the 
activity of the residual nucleus obtained from the particular nuclear reaction. Here, the 
counting of the irradiation samples is done after the stop of beam. 
3.1 FORMULATIONS USED FOR THE 
DETERMINATION OF PRODUCTION CROSS-
SECTION 
As has already been mentioned, the irradiation of a sample by the particle 
beam may initiate various reactions in it, and many isotopes are likely to be formed by 
the process of transmutation. The rate of formation TV, of a particular activation 
product may be given by the expression, 
iV=:iVo^o>(,,^) (3.3) 
where, 0\s the flux of incident beam, No is the initial number of nuclei in the sample, 
and ax(a.b) is the reaction cross-section for that particular channel. 
The disintegration rate of the induced activity in a sample after a time 't' from 
the stop of irradiation may be given as; 
LdtJt N 
[ ^ - ^ ' - ' ' ^ ' ^ (3.4) 
.(/It) 
where, t, is the time of irradiation and X is the decay constant of the induced activity 
given as; 
A = — (3-5) 
The factor [1- exp(-Xt,)] takes care of the decay of residues during the irradiation and 
is typically known as the saturation correction. The number of decays of the induced 
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activity in a very small time 'df may be given as; 
^^^^^Izl^at (3.6) 
, (^t) 
If the activity induced in the irradiated sample is recorded for time duration 0, after a 
lapse time /2, then the number of nuclei decayed in time interval between I2 to (t2+t}) 
may be given as; 
[l-e(-^-i)][l-e(-^-3)] 
If the activity induced in the sample is recorded by a y-ray spectrometer of 
efficiency G„ then absolute count rate ' C and observed counting rate '/I' may be 
related as; 
C = ^ - (3.8) 
where, A is the total counts recorded during the accumulation time ts of the induced 
activity of decay constant A, the term 6 is the branching ratio of the characteristic y-ray 
and K=-[{l-exp(-i.td)}/^id] is the self-absorption correction factor for the material of 
the sample of thickness d (gm/cm^) and of absorption coefficient // (cm /^gm) and G, 
the geometry dependent efficiency of the detector. 
Thus, ax(a.b) can be written as, 
Also, the count-rate at the time of stop of irradiation C,=o can be given as, 
^ - 0 = ^ ^ 7 1 = ^ (3.10) 
The reaction cross-section ax(a,b) may be written with the help of above equations as, 
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The cross-section for has been determined from the observed intensity of various y-
rays originating from the same residual nucleus and fmally their weighted average has 
been taken. Reported cross-section values are the weighted average alongwith the 
internal or external error whichever is larger. Following formulation has been used for 
determined the weighted average. 
If Yi ± AYi, Y2 ± AY2, Y^ ± /W-i, are supposed to be the different 
measured values of the same quantity Y, then the weighted average is given as: 
(3.12) 
where, ^^ = ^ (3-13) 
The Internal error = [Z Wi]~^^^ (3 14) 
The external error ~ 
n(n-l)ZW (3.15) 
Equation 3.14, depends entirely on the errors of individual observations, whereas 
equation 3.15, also depends upon the differences between observations from the mean 
value. External error is, therefore, a function of what might be called the external 
consistency of observation whereas, internal error depends upon the internal 
consistency. 
3.2 IDENTIFICATION OF FISSION-LIKE EVENTS 
It has already been discussed that the excited composite systems populated via 
CF and/or ICF may de-excite by emitting the nuclear particles and/or characteristic y 
radiations, and also by the process of fission [1-4]. A typical y-ray spectrum produced 
in 100 MeV '^ O^^ induced reactions on '^'Ta is shown in Fig. 3.1. The various peaks 
in observed y-ray spectra have been assigned to the different radio nuclides populated 
via complete fusion (CF), incomplete fusion (ICF), complete fusion-fission (CFF) 
and/or incomplete fusion-fission (IFF) reactions. The preliminary identification of 
reaction residues have been done from their observed characteristics y-fays, which 
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were further confirmed from the decay curve analysis. This is a very specific way for 
the identification of reaction products, because each radio-active isotope has a unique 
decay mode. Thus, the observed intensity of the identified y-ray is a measure of the 
production cross-section of that particular reaction channel. Since, there were several 
residues which may emit y-rays of nearly same energy, the simple y-ray energy 
identification may not be enough and hence, the intensity of the photo-peaks were 
plotted as a function of time to get the half-lives of the residues. As such, residues 
were identified not only by their characteristic y-ray energies but also by the decay 
curve analysis. As a typical example, Figs. 3.2, show the observed decay curves for 
one of the Yttrium isotopes (^ """Y) at two studies energies. Nuclear data like half-
lives, y-ray energies, etc., have been taken from the Table of Isotopes [5, 6] and 
Nuclear Wallet Card [7]. Gamma peaks shown in Fig. 3.1, have been assigned to the 
fission (red downwards arrows) and evaporation residues (hollow squares). The 
identified fission-like events in the present work, at energies 97 and 100 MeV are 
listed in Table 3.1, along with their spectroscopic properties. The independent and 
cumulative decay modes are marked by I and C, respectively in this table. The half-
lives of fission-like residues determined in the present work were found to be in good 
agreement with the literature values. Data analysis has been performed using 
FREEDOM software [8]. 
3.3 MEASURED CROSS-SECTIONS 
In the present work, an attempt has been made to measure the cross-sections 
for the fission-like fragments produced in the interaction of '^O+'^'Ta at ~ 97 and 100 
MeV beam energies respectively. The identified fission like events may arise from the 
partial momentum transfer, termed as incomplete fusion-fission (IFF), and complete 
momentum transfer, termed as complete fusion-fission (CFF) events. The fission like 
residues may be formed by the direct fission of the CF and/or ICF residues (first 
chance fission) and/or by the fission of CF and/or ICF after emission of few nucleons 
(second, third, etc. chance fission) [9]. A detailed description of the population of 
these residues via various processes is already described in the Chapter-I, of the 
dissertation. The measured cross-section data for a given fission fragment is the 
cumulative sum of their population from various decay chains that may lead to the 
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Figure 3.2 Typical decay curves of Yttrium isotope (^ """Y) 
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Table 3.1 Nuclear data relevant to the measured fission fragments. 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
II . 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
Residues 
"Zn 
'^Ge 
"Kr 
SfSmw 
«6Y 
^''Kr 
yOiny 
91 my 
V.y 
'"=Ru 
'''In 
" % 
""•^In 
"""In 
i i i , . j ^ 
'"Cd 
"^Sb 
'^'Xe 
'^^Sb 
'^ ^La 
'^ ^Ce 
132m, 
'^'Nd 
'^'Sm 
E^(keV) 
487.80 
262.78 
146.59 
787.95 
187.87 
165.98 
479.17 
554.21 
266.90 
413.50 
673.40 
626.20 
657.76 
537.22 
391.90 
344.45 
158.62 
132.98 
743.22 
567.17 
451.44 
173.70 
580.60 
196.88 
Y-ray 
Abundance 
(%) 
62 
11 
37.3 
1.57 
1.26 
3.10 
90.2 
95 
7.3 
2.27 
1.70 
1.47 
98 
87 
64.2 
17.9 
86 
2.17 
96 
15.7 
2.24 
8.8 
132 
74 
-
Half-Life 
(Tl/2) 
3.96 h 
82.78 m 
74.4 m 
4.86 h 
14.74 h 
2.84 h 
3.19h 
49.71 m 
lO.lSh 
4.44 h 
5.07 m 
4.9 h 
69.1 m 
7.7 m 
99.47 m 
2.49 h 
2.80 h 
40.1 m 
10.40 m 
4.8 h 
3.51 h 
83.7 m 
38.5 m 
22.6 m 
Fission 
mode 
J 
1 
1 
1 
I 
I 
C 
C 
1 
1 
I 
I 
1 
c 
c 
I 
1 
I 
I 
I 
1 
c 
I 
I 
[h: hours; m: minutes] 
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same final product. A FORTRAN program EXP-SIGMA based on the equations 3.1 -
3.14, has been used for the determination of the reaction cross-sections of the residues 
populated at ~ 97 and 100 MeV beam energies. The errors quoted in the measured 
cross-section values are the internal or the external errors, whichever was greater. 
Measured cross-sections for the identified fission fragments both at 97 and 100 MeV 
beam energies are tabulated in Table 3.2. 
TABLE 3.2 Measured cross-sections of the observed fission fragments formed 
via CFF and/or IFF at == 97 and 100 MeV, respectively. 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
Residues 
"Zn 
'^Ge 
•^'^Kr 
SSmy 
Hby 
''^Kr 
yOmy 
yimy 
. 3 Y 
'^ =Ru 
'"^In 
"^In 
nun,j^ 
'""'In 
" ^ n 
'"Cd 
'"Sb 
'^'Xe 
'^''Sb 
'^ ^La 
'^'Ce 
1 JilTlT 
'^'Nd 
'^'Sm 
E L - 9 7 MeV 
CT (mb) 
1.3±0.03 
25.4+0.90 
-
26.2+2.45 
60.6±8.56 
25.4±0.12 
1.5±0.42 
0.9+0.58 
-
21.5+0.06 
-
57.5±0.61 
1.0±0.03 
-
-
24.2±0.18 
10.9±0.0] 
26.6±0.11 
4.8±0.03 
-
16.510.40 
-
7.7±0.04 
3.0±0.15 
EL ~ 100 MeV 
a (mb) 
2.6±0.03 
23.6±0.65 
6.5±0.23 
27.4±0.55 
86.1±12.38 
46.8±0.44 
2.3+0.65 
1.5+0.87 
10.4±1.56 
46.9+0.35 
17.83±3.6 
56.2±6.52 
1.3+0.25 
3.5+0.6 
1.22+0.64 
31.0±0.59 
19.6±1.21 
32.3±0.50 
5.3+0.12 
4.5±2.18 
39.8+1.11 
1.6±0.38 
25.6±0.15 
5.7±0.37 
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3.4 EXPERIMENTAL UNCERTAINTIES: ERROR 
ANALYSIS 
Critical evaluation of uncertainties in various quantities tliat may introduce 
errors in the measured cross-sections reflects the quality of measurements. Some of 
the factors which may introduce errors in the measurement of cross-sections in the 
present work are described in the following; 
1. Non-uniformity of the sample foil and in-accurate estimate of the 
foil thickness may lead to the uncertainty in the determination of the number of 
target nuclei in the sample. Though, it is hard to know the uncertainty in the 
target thickness in the rolled foil, however, to check the uniformity of the sample 
foil, the thicknesses of the samples, were measured at different locations of the same 
sample by the a-transmission method. It is estimated that the error in the target 
thickness is <1%. 
2. During the irradiations, the beam current may fluctuate which may 
result in the variation of the incident flux during the bombardment of foil. Many tests 
were performed to check the time-integrated beam fluctuations and it was estimated 
that beam fluctuations may introduce errors of not more than 5%, in the measured 
cross-sections. Further, the Pelletron crew provided a very stable beam during the run. 
3. Uncertainty in the determination of the geometry-dependent efficiency 
of the y-ray spectrometer may introduce additional error in the measured cross-
sections. The efficiency of the HPGe detector was measured before and very 
frequently during the run, using calibrated sources of *'°Co and "^Eu. The efficiency 
curves were corrected for the acquisition system dead time. Further, proper care has 
been taken, to keep the dead time of the detector < 10%, by suitably adjusting the 
source-detector separation. Statistical errors in counting of the standard sources may 
also introduce to errors in the efficiency, which were minimized by accumulating a 
large number of counts for comparatively longer times (~ 5000 sec). Experimental 
data on the geometry-dependent efficiencies with y-ray energy at a fixed source-
detector separation has been fitted with a power law curve. The uncertainty due to the 
fitting of the efficiency curve is estimated to be < 3%. The uncertainty in determining 
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the efficiency may also appear due to the solid-angle effect, because the irradiated 
samples were not point sources like the standard source, but they had a diameter of ~ 
4 mm. It is estimated that the error in the efficiency due to the solid-angle effect is 
less than 5%. 
4. The statistical errors in the evaluation of the y-ray intensity and the 
background subtraction were different for different observed residues and were 
separately evaluated, by employing the peak fitting software. 
5. During the irradiation, the beam traverses the thickness of the material, 
thus the initial beam intensity may get reduced. It is found that the error due to the 
decrease in beam intensity is less than 2%. 
6. Dead time of counting is likely to introduce errors in determining the 
count rates. As already mentioned, in all the measurements, the dead time of the 
spectrometer was kept <10% by suitably adjusting the sample-detector distance and 
the corrections for it were applied to the counting rate. 
7. During bombardment, the residues populated will recoil in the forward 
direction. If the recoiling velocity is large enough, they may not be trapped in the 
sample itself This is also important for those residues which are populated towards 
the other extreme of the sample foil. The loss of the product nuclei recoiling out of the 
sample may introduce large errors in the measured cross-sections. In the present work, 
the thickness of the catcher foil placed just behind the target was kept sufficient to 
stop even the most energetic residues populated via CF process. Moreover, in the 
present measurements both the sample and the catcher foils were counted together and 
hence, the losses due to the recoiling of nuclei is further avoided. 
Further, the uncertainties of the nuclear data like branching ratio, decay 
constant etc., which have been taken from the Table of Isotopes [5, 6] have not been 
taken into consideration. Considering all the possible sources of errors as described 
above, the uncertainty in the absolute values of the cross-sections is estimated to be 
less than 15%, including the statistical errors. 
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CHflPTER-4 
RESULTS OF FUSION-FISSION EXPERIMENT 
"Science is what you know, phiiosopliy is what you don't i<now." 
- Bertrand Russel 
Results of the presently described fusion-fission experiment are discussed in 
this chapter. Brief details of fission like fragments mass distribution formed via 
complete fusion-fission (CFF) and/or incomplete fusion-fission (IFF) in 0+ Ta 
system at ~ 97 and 100 MeV beam energies, respectively are discussed in section 4.1. 
Further, the isotopic yield distributions for Yttrium (Y) and Indium (In) isotopes have 
also been obtained from the experimental data. Analysis of these distribution are 
presented. The variance of the presently measured isotopic yield distributions have 
been found to be in agreement with the literature values are presented in section 4.2 
while section 4.3 deals with the conclusions of the present work. 
4.1 MASS DISTRIBUTION OF FISSION-LIKE 
FRAGMENTS 
The mass distribution is one of the important observables which is directly 
related to the collective dynamics of fission processes [1, 2]. In the present work an 
attempt has been made to study the fission dynamics in '^0+"*'Ta system. Activities 
of fission like residues measured in the present work have been used to obtain the 
mass distribution. The fission fragments have been identified and their cross-sections 
have been measured as discussed in ^^ and 4* Chapters. The plots of experimentally 
determined production cross-sections (given in Table 3.2) as a function of atomic 
mass number of various fission fragments at two different energies (i.e. Eub ~ 97 
MeV and 100 MeV) are shown in Figs. 4.1 (a) and (b), respectively. The data points 
with upward arrows indicate that only the metastable states have been measured and 
the total production cross-sections of these fission fragments are expected to increase. 
The solid line shown in these figures is the Gaussian fitting to guide the eyes. The 
mass distributions at both the studied energies have been found to be symmetric, in 
general, as expected. Stability (stiffness) of the fissioning nucleus to mass asymmetric 
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Figure 4.1: Mass distribution of the fission products in '*0 + '*'Ta system 
deformation can be understood through observed mass distribution. In order to 
understand this aspect Itkis et al. [3] and Rusanov et al. [4] analysed a large collection 
of data over a wide range of fissility of compound nucleus at medium excitation 
energies. The calculated width and variance of the mass distributions obtained in the 
present experiment have been compared with the values reported in the literature [5-
11] and are given in Table 4.1. The width of the mass distribution 'am' (~ 12.6 mass 
units) reported by Hinde et al. [6] for the fission of "^^ Tl is found to agree with the 
present measurements involving the nearby isotope (^ ^^Tl) (see Table 4.1). Variance 
of fission fragment mass distribution for the same projectile ('^O) and different targets 
as a fimction of mass asymmetry (^ l= MT / Mr . P) of interacting systems, taken from 
literature, are also shown as a bar diagram in Fig. 4.2. It may be observed from Fig. 
4.2, that the variance increases with the mass asymmetry of the interacting ions, as 
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TABLE 4.1 Variance of mass distribution for various fissioning systems 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
System 
l6Q^ii8y 
l«Q^.2JSjj 
lyp+^-'^h 
16Q+204pj, 
IbQ^iOVgi 
l6Q^208pj, 
"*0+"^ ^Au 
^He+ '^^ Bi 
"0+""Ta 
*He+'^ ^Au 
^He+" '^Pt 
^He+'^ «Pt 
^He+"«^ W 
^He+""Ta 
^He+"*'Ta 
Fissility 
39.37 
39.06 
39.05 
36.82 
36.80 
36.16 
35.20 
33.92 
33.20 
32.64 
32.49 
31.84 
31.56 
30.57 
30.41 
Variance 
493 
543 
449 
236 
270 
224 
272 
160 
178 
159 
139 
139 
158 
157 
155 
Width 
22.2 
23.3 
21.2 
15.4 
16.4 
14.9 
16.5 
12.6 
13J 
12.6 
11.9 
11.9 
12.6 
12.5 
12.4 
Ref. 
5 
6 
7 
8 
9 
8 
6 
6 
la] 
6 
10 
10 
11 
6 
6 
[a] Present Work 
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Figure 4.2: Bar diagram of variance vs mass asymmetry for same projectile plus 
different tai^et combination. 
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expected. The experimental total fission cross section (oy) has been obtained by 
adding the measured cross-sections for individual fission fragments. The values 
of(oy) at ~ 97 and 100 MeV beam energies are found to be ~ 315 mb and ~ 500 mb, 
respectively.The presently measured total fission cross-sections are found to be 
relatively higher than the value obtained from angular distribution measurements [13]. 
At 100 MeV beam energy the excitation energy (£"*) of the composite system is ~ 67 
MeV, and the classical value of the maximum input angular momentum for the 
spherical nuclei may be calculated using expression, 
/. 
max 
R ^2ti{Ecm-Vc) (4.1) 
and is found to be (Imax) == 44 h. 
In equation 4.1, '/?' is the radius of the composite system, '^ u' the reduced 
mass, 'Ecm' the centre of mass energy and ' Vc' is the Coulomb barrier. It was assumed 
[14] that strong ground state deformation of target isotopes may affect both l„,ax and 
fission cross-section. Gilmore [14] in his paper shows the enhancement both for Imax 
and fission cross-section which has been attributed to the quadrupole deformation 
effects. To show the effect of deformation on l„,ax values, maximum angular 
momentum as a function of excitation energy is shown in Fig. 4.3. As can be seen 
, J I [ 1 
<^.5o s o ^ O T O " s o 9 0 ' S O O n o I S O ISSO 
Figure 4.3: Maximum angular momentum as a function of excitation energy in 
197, the compound nucleus Tl 
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from this figure that the deformation gives rise to higher /-values as compared to 
spherical case. From the analysis of data for the same system Gilmore [14] obtained 
the fission cross-sections ~ 300 mb and ~ 430 mb at ~ 97 and 100 MeV, respectively. 
It may be pointed out that they used nuclear emulsion technique in their 
measurements. 
In the present work, the total fission cross-sections have also been 
theoretically estimated using statistical code ALICE [15]. The code ALICE employs a 
rotating liquid drop model [16]. In the present calculations the fission barrier B[ is 
taken as ~18 MeV and af I Un - 1.2 (where, Uf and a„ are the level-density 
parameters for fission and neutrons emissions, respectively). The calculated a^f , 
values are found to be ~ 500 mb and ~ 680 mb at energies = 97 and 100 MeV, 
respectively. There is reasonable agreement in the theoretically calculated and 
presently measured fission cross section. Further, in principle, a plot of cross-section 
vs mass distributions for heavy ion interactions may have three components, due to (i) 
Complete fusion (CF) and/or Incomplete fusion (ICF) residues, (ii) complete fusion-
fission (CFF) and/or incomplete fiision-fission (IFF) residues and (iii) few nucleon 
transfer residues or projectile like Iragments (PLFs). The Fig. 4.4 shows, a 
distribution of cross-sections for all the residues identified in the system '^0+' 'Ta 
X3 
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Figure 4.4: Schematic picture of fission fragments and compound nucleus 
evaporation residues at E.^ b « 6.5 MeV/n. The dotted lines are 
drawn through the data points to guide the eyes. 
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at = 6.5 MeV/A. In this figure the data points corresponding to compound nucleus 
evaporation residues (ERs) have been taken from one of our earlier works [17], 
however, the data points for fission like residues are from the present work [18, 19]. 
In this figure, the peak towards higher mass numbers may be attributed to the residues 
formed by CF and/or ICF processes, while the broad peak in the intermediate mass 
region may be assigned to CFF and/or IFF events. The PLFs could not be detected in 
the present experiment because of their relatively higher energy and generally having 
very short life times. 
4.2 ISOTOPIC YIELD DISTRIBUTION 
In general, for heavy composite systems at moderate excitation energies, 
nucleon emission competes directly with fission. The emission of higher charged 
particles is severely hindered because of the large Coulomb barrier. In such cases, 
nucleon emission from the fission fragments and/or the fission of successive elements 
of fission chains, may give rise to the isotopic and isobaric distributions of fission 
residues. However, as compared to proton emission, the emission of neutrons is more 
probable and, therefore, in most of the cases only the isotopic yield distributions are 
experimentally determined. The total yield of isotopes in a decay chain of Y'^ {A) 
may be related to the corresponding primary fragments yield K(/4) produced by 
successive neutron emission, using relation; 
Y\A^= Y.PJ{.^^ (4-2) 
where, A{= A + n^yr') is the mass number of the fragment emitting 'n' number of 
neutrons leading to the final reaction product with mass number /I. The term P„ is the 
probability of neutron emission from the residue with mass number/I'. The Gaussian 
distribution for the fragment and their production yields may be related by; 
y ( ^ ' ) ^ _ lL_e-^^ ' -^^^ ' / ' ^V (4.3) 
A 
here, Ap and o^. are the most probable mass and the variance of the fragment isotopic 
yield distribution and Fzis the residue yield. The total yield Y\A^ of corresponding 
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decay chain may be obtained from the yield of evaporation residues Y^A) using the 
expression [20]; 
Y^(A) = Z'i-iPn -p=e~^'^-^'^''l^<' (4.4) 
A 
The mean square deviation (o^) of the calculated isotopic yields Y^{A) from the 
experimentally determined production yields y^(/4) may be estimated by Chi square 
fit, represented as; 
In the fitting of fission fragment mass distribution data, the value of chi square (2^) 
was minimized using a non-linear least square fit routine, keeping the width 
parameter cr^  and most probable mass Ap as free parameters employing ORIGIN 
software. In equation (4.5), "ni is the number of isotopes of a given element and ^p" is 
the number of free parameters which is equal to 2 in the present case. Experimentally 
determined isotopic yield distributions for Indium (io5,no.iiom,iiim,ii3mj^^ ^^^ Yttrium 
8^5m,86,90m,9im,93Y) jsotopcs are plotted in the upper and lower panels of Fig 4.5 (a) and 
(b), respectively. Since, only the metastable states of ""''' '^ In in Indium and 
gom.gimy jj^  Yttrium have been measured, the total production cross-section for these 
isotopes will be higher than the values shown, which is indicated by upward arrows 
(see Figs. 4.5 (a) and (b)). The parameters for isotopic yield distributions were 
obtained by fitting the respective production cross-sections to the Gaussian 
distribution and are given in Table 4.2. Furthermore, the variance o\ reported in 
literature for a large number of other fissioning systems are also shown in Table 4.3. 
along with the presently determined values of these parameters. As can be seen from 
this table that the variance values for the other nearby system at nearly same 
excitation energies are consistent to the present measurements. 
It may be pointed out that the Gaussian distribution of isotopic mass 
II 
decay chain may be obtained from the yield of evaporation residues Y^A) using the 
expression [20]; 
Y'iA) =r.=iPn l^^e-^'-^'^^'^'^A' (4.4) 
271O^. 
A 
The mean square deviation (o^) of the calculated isotopic yields ^^(^4) from the 
experimentally determined production yields K^(^) may be estimated by Chi square 
fit, represented as; 
^ = ^;^^r=ift'^^^-^'^^)}' (4.5) 
In the fitting of fission fragment mass distribution data, the value of chi square (j^) 
was minimized using a non-linear least square fit routine, keeping the width 
parameter a^' and most probable mass Ap as free parameters employing ORIGIN 
software. In equation (4.5), 'm' is the number of isotopes of a given element and 'p" is 
the number of free parameters which is equal to 2 in the present case. Experimentally 
determined isotopic yield distributions for Indium (losjio.iiomjiim.nsmjj^^ ^^^ Yttrium 
8^5m.86,90m,9im,93Y^  isotopcs are plotted in the upper and lower panels of Fig 4.5 (a) and 
(b), respectively. Since, only the metastable states of '""^"^"iin in Indium and 
90m,9imY jj^  Yttrium have been measured, the total production cross-section for these 
isotopes will be higher than the values shown, which is indicated by upward arrows 
(see Figs. 4.5 (a) and (b)). The parameters for isotopic yield distributions were 
obtained by fitting the respective production cross-sections to the Gaussian 
distribution and are given in Table 4.2. Furthermore, the variance o^ reported in 
literature for a large number of other fissioning systems are also shown in Table 4.3. 
along with the presently determined values of these parameters. As can be seen from 
this table that the variance values for the other nearby system at nearly same 
excitation energies are consistent to the present measurements. 
It may be pointed out that the Gaussian distribution of isotopic mass 
distribution has been observed at excitation energy ~ 67 MeV corresponding to the 
incident energy ~ 100 MeV. However, at the lower incident energy (« 97 MeV) only 
few isotopes were identified and, therefore, their distribution could not be studied. For 
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Figure 4.5: Isotonic yield distribution for (a) (io5aio,iiom,nim,ii3mj^ ^ Indium and 
(b) ( Y) Yttrium isotopes in O + Ta system. 
Table 4.2: Width parameter (OA) of isotopic yield distributions obtained from 
Gaussian fit. 
Isotopes 
Indium 
Yttrium 
Atomic Number 
Z 
49 
39 
Most probable mass 
Ap 
108.42 
88.41 
Isotopic width 
2OA 
4.16 
3.45 
46 
6 / ^ 
Table 4.3: Comparison of isotopic yield distributions {u\) for differentfi, 
systems. 
r'" 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
System 
'^0+""Ta 
'"O+'^'Ta 
'^0+"'^Tb 
'"O+'^'^Tb 
'^O+'^^Tm 
'^0+'=^Tm 
li+^^^Th 
'Li+^^^Th 
"B+^''Th 
"B+' ' 'Th 
"B+'^'Th 
"B+' ' 'U 
llg_^2iliy 
•^ N^e + ^^ **U 
^^Ne + ^^ '^ U 
Excitation energy 
(E*) MeV 
67.04 
67.04 
57.10 
57.10 
61.06 
61.06 
41.70 
41.70 
55.70 
55.70 
55.70 
67.40 
67.40 
64.50 
64.50 
Elements 
Y 
In 
Sr 
Y 
In 
Tc 
Sb 
I 
Sb 
1 
Cs 
Rb 
Cs 
Rb 
Cs 
O'A 
3.05 
4.16 
3.31 
4.41 
4.24 
4.62 
4.08 
3.96 
4.00 
5.43 
3.72 
3.84 
3.95 
4.23 
4.26 
Ref. 
[a] 
[a] 
20 
20 
20 
20 
21 
21 
22 
22 
22 
23 
23 
23 
23 
[a] Present work 
the sake of completeness, isotopes observed at ~ 97 MeV are marked by hollow 
circles in Fig. 4.5 (a) and by squares in fig. 4.5 (b). 
Isobaric charge distribution is also important in case of fission. Isobaric charge 
dispersion parameters have been obtained from the measured isotopic mass 
distribution using the following prescription. The fractional isotopic independent 
yields FY* (Z), have been obtained by dividing independent yields by their 
corresponding charge yields. For deducing total yield of mass number 'A", it is 
required to have knowledge of isobaric charge dispersion parameter ' a / ' and the most 
probable charge 'Zp'. The values of'Zp' for the Yttrium (Y) and Indium (In) isotopes 
are calculated using; 
Zp(A) = ~A 
Ap 
(4.6) 
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where 'Z' and 'A' are the atomic number and the atomic mass number of the fission 
fragments, respectively while Ap is the most probable mass. The distribution of 
fractional isotopic yield vs the charge corrected isotopic fragments (Z-Zp), so 
determined is shown in Fig. 4.6. The solid curve of Fig. 4.6 is the Gaussian, given by; 
Y = J^z 
-iZ-Zpf/2al (4.7) 
From the above fitting procedure the estimated isobaric charge dispersion parameter 
oz has been found to be == 0.81 charge units. The values of az have also been 
calculated by converting width parameter of isotopic yield CTA into Oz using; 
Oz = 54£ Ap 
10^  b ' ' I 
10^  
<^o•' 
> 
v-3 
I I ' 
Values expected to go up 
Indium Isotopes 
Yttrium Isotopes 
• Gaussian fit 
(4.8) 
I I I I I I . 
1 0 p'l • ' ' ' ' ' ' ' ' ' • ' ' ' ' ' ' * ' ' ' ' ' • ' ' ' ' " 
( Z - Z ) 
Figure 4,6: Plot of fractional isotopic yield corresponding to corrected charge 
distribution. 
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The calculated average value of width parameter CTZ is found to be ~ 0.85 charge 
units, which is in good agreement with the value obtained from the corrected charge 
distribution plot (Fig. 4.6). The above method indicates self consistency of the present 
analysis. 
4.3 CONCLUSIONS 
Fission is a remarkable and fascinating nuclear process, which is not only 
academically interesting but also has profound commercial implications. In the 
present work a large number of fission residues in the system '^0+' Ta at ~ 97 and 
100 MeV have been identified and their production cross-sections have been obtained. 
The presently measured cross-section data may be useful in view of the requirement 
of nuclear data for the research and development of proposed subcritical nuclear 
reactors based on the concept of Accelerator Driven Systems (ADS). The 
development of these systems requires the nuclear reaction cross-section data not only 
for fusion but for fission of a variety of systems over a large energy region. In the 
present work, the data has been analysed to deduce parameters for isotopic yield and 
isobaric charge distributions. Mass distribution of fission fragments has been found to 
be symmetric, as expected. To the best of our knowledge these measurements have 
been done for the first time. The isotopic yield distributions are satisfactorily 
reproduced by Gaussian distribution. The distribution parameters obtained from the 
present measurements agree reasonably well with the literature values. The analysis 
further indicates that the mass asymmetry of the interacting ion has considerable 
influence on fission probabilities. The total fission cross section obtained from the 
present measurements agree reasonably well with some earlier measurements as well 
as with those calculated using angular momentum dependent rotating liquid drop 
fission barrier. An online experiment employing the fission detectors, and by 
measuring the neutron multiplicity using the neutron array set up is proposed to get a 
detailed insight of fission dynamics for the system. 
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In ihis paper, nuclear reaction cross sections (or 24 lission-like iragments (30 < Z ^ 60) have been measured 
for the 6.5 MeV//i ""O + '*'Ta system. The recoil-catcher activation technique was employed followed by 
off-line Y spectroscopy. The isotopic yield distributions for yttrium and indium isotopes have been obtained from 
the experimental data. The variance of the presently measured isotopic yield distributions have been found to be in 
agreement with the literature vahies. However, the variance of the mass distribution of fission residues has found 
to be narrower as compared to other relatively heavier systems. A self-consistent approach to determining the 
isobaric charge dispersion parameters has been adopted. The measured fission cross sections at 97 and 100 MeV 
are satisfactorily described by a statistical model code. An attempt has been made to explain the production cross 
sections of intennediate mass residues in the fission of heavy residues populated via complete and/or incomplete 
fusion processes. 
DOI: 10.1 IO3/PhysRevC.OO.0O4600 PACS number(s): 25.70.Gh, 25.70.Jj, 25.70.Mn 
I. INTRODUCTION 
In heavy-ion (HI) interactions, fission is one of the dominant 
reaction mechanisms at moderate excitation energies. Recent 
experimental data [1,2] indicate the presence of nuclear 
fission even at low energies where fusion is expected to be 
dominant. In view of the above, study of the interplay of 
fusion-fission processes in heavier nuclei (Z/^Zx ~ 800) has 
been an active area of investigation during the last decade. 
Reactions induced by His are important, as both the target 
and projectile are heavy ions, so they carry large input 
angular momentum and, therefore, the composite system can 
be produced with relatively high spin. Also, the de-Broglie 
wavelength associated with the incident HI's is comparable to 
the nuclear dimensions; therefore, the incident ion trajectories 
may be treated semiclassically. The classical trajectories of 
the projectiles leading to different reaction processes in the 
collision of energetic heavy ions with the target nucleus are 
found to depend on the beam energy and entrance channel mass 
asymmetry. On the basis of driving input angular momenta 
imparted to the system, the reactions may be categorized 
broadly into complete fusion (CF) and incomplete fusion 
(ICF) processes. Details of CF and/or ICF processes are given 
elsewhere [3-5]. 
Depending upon the available excitation energy and other 
entrance channel parameters [6,7], the compound nucleus 
formed via CF and/or ICF may undergo fission. The fission 
arises due to the decay of the excited composite system formed 
*phy.vijayraj@gmail.com 
'Present address; GSl Helmholtz Centre for Heavy Ion Research 
GmbH, Planckstrasse 1, D-64291 Darmstadt, Germany. 
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via complete momentum transfer from projectile to the target 
nucleus [called complete fusion-lission (CFF)| and/or via 
incomplete momentum transfer from the projectile to the target 
nucleus [called incomplete fusion-fission (IFF)]. Nishio [8] 
has also reported that fission of an incompletely fused (ICF) 
composite nucleus is one of the dominant processes other than 
fission of the composite system formed by CF at intermediate 
energies. These studies further indicated that reaction channels 
such as complete fusion-fission (CFF) and incomplete fusion-
fission (IFF) residues [9-14] open up at medium bombarding 
energies E/A ^ 8 MeV. It has relevance in view of the fact 
that one of the most important observations in earlier studies 
was the discovery of asymmetric mass distribution in the 
low-energy fission of the majority of the actinides [15]. The 
asymmetric mass distribution may be explained on the basis 
of nuclear shell effects. Asymmetry in the mass distribution 
decreases with the increase in excitation energy. This may be 
explained as a result of gradual washing out of shell effects 
with increasing excitation energy of the composite system. In 
view of the above, the study of the dynamics of heavy-ion 
collisions [16-18] and systematic studies of the competition 
of the various reaction processes which contribute to the total 
reaction cross sections are of considerable importance. 
As such, a program to study the dynamics of processes in the 
i6Q_|_i8i'j'g system has been undertaken. Excitation functions 
for a large number of reactions in this system were analyzed 
to study the complete and incomplete fusion processes in the 
energy range =K76-100MeV [19]. Further, experimental study 
for the same system has been done to interpret the competition 
between the CF and/or ICF through recoil range distribution 
(RRD) measurements [20], A part of the data analysis involv-
ing lission events is reported in this paper. The experimental 
data have been analyzed to obtain isotopic yield and mass 
distribution of residues likely to be populated by lission. 
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The present paper is organized as follows. The experimental 
details are given in Sec. II. Data analysis of production cross 
section of fission fragments and estimation of independent 
cross section from the cumulative cross section are described 
in Sec. III. An attempt has been made to study isotopic 
yield distributions of the yttrium and indium isotopes and is 
described in Sec. Ill, while Sec. IV deals with the conclusions 
and summary of the present work. 
II. EXPERIMENTAL DETAILS AND METHODOLOGY 
Experiment has been performed using '^0^+ beam from 
) 5-UD Pelletron accelerator at the Inter University Accelerator 
Centre (lUAC), New Delhi, the rolling method were pasted 
on the Al-catcher foils (prepared by the rolling method) of 
thickness s»2.0 mg/cm^. The thickness of the Al catcher was 
chosen keeping in view the fact that even the most energetic 
residues produced due to the complete momentum transfer 
may be trapped in the catcher thickness. The thicknesses 
of each sample and the catchers were measured by the a-
transmission method in which 5.487-MeV a particles obtained 
from a -*'Am source were allowed to pass through the sample. 
The thicknesses of the samples were determined from the 
observed change in the energy of the a particles using standard 
stopping power values [21]. The samples and the Al catchers 
were cut into the size of 1.2 x 1.2 cm^ and were pasted on Al 
holders having concentric holes of I.O cm diameter. The Al 
holder was used for rapid dissipation of heat produced during 
the irradiation. 
The irradiations were carried out in the general purpose 
scattering chamber (GPSC), of 1.5 m diameter having an in-
vacuum transfer facility (ITF). The samples of '^'Ta along with 
appropriate catcher foil were in-adiated by 97 and 100 MeV 
'*0^^ beams with beam currents ~7 pnA. The samples 
along with Al-catcher foils were placed normal to the beam 
direction, with the sample material facing the beam so that the 
recoiling reaction products could be trapped in the catcher 
foil thickness. Keeping in view the half-lives of interest, 
the irradiations were earned out for ^8-10 h duration. The 
beam flux was monitored using an ORTEC current integrator 
by taking into account the charge collected in the Faraday 
cup, placed behind the target-catcher assembly. The activities 
induced in the target-catcher foil assembly were followed by 
offline / spectrometry. A precalibrated high-purity germanium 
(HPGe) y-ray spectrometer of 100 cm-* active volume coupled 
to a PC through CAMAC-based FREEDOM software [22] was 
used for counting. The y-ray spectrometer was calibrated 
using various standard y sources of known strengths. The 
geometry-dependent eflicicncy (Gf) of the HPGe detector for 
different source-detector separations was estimated using the 
following relation: 
G,= No 
N,of) e->-' (1) 
where A'o is the observed disintegration rate of the standard 
source at the time of measurement, ^,,0 is the disintegration 
rate at the time of manufacture, A is the decay constant, l is 
the lapse time between the manufacture of the source and 
the start of counting, and (J is the branching ratio of the 
characteristic y rays. Further, the spectrometer resolution (full 
width at half maximum) was ^2 keV for the 1.33-MeV y 
ray of the *°Co source. In the present work, the standard 
y sources and irradiated target-catcher foil assemblies were 
counted in the same geometry in order to avoid the errors 
due to the solid angle effect during the counting. Attention 
was paid to keeping the dead time of the spectrometer ^10% 
by suitably adjusting the source-detector separation for each 
irradiated sample. The y spectra of the samples were recorded 
at increasing times, keeping in view that the decay curve 
required analysis for identification of reaction products. A 
typical y-ray spectra populated in lOO-MeV '^0'+ induced 
reactions on '*'Ta is shown in Fig. I. The y peaks shown in 
Fig. 1 may be assigned to fission and evaporation residues. 
The details of the analysis of evaporation residues are given 
elsewhere [I9|. The preliminary identification of reaction 
residues has been done from their observed characteristic y 
rays, which were further conli/ined from their decay curve 
analysis. This is a very specific way to identify reacUon 
products, because each radioactive isotope has a unique decay 
mode. Thus, the observed intensity of the identified y ray is 
a measure of the production cross section of that particular 
reaction channel. Detailed analysis of experimental errors is 
given elsewhere [23]. The overall errors in the measured cross 
sections, including statistical errors, are estimated to be ^  15%. 
in. DATA ANALYSIS : ASSIGNMENT OF FISSION-LIKE 
EVENTS 
Our eariier studies of the '^O -I- '*'Ta system [19,20] 
indicated that (i) the dominant CF and/or ICF residues 
produced in the interactions are 'Ws.i94„..i93g.i93«,.i92y,i92„,^ ]^  
i93^ ,i93»,,i92.i9i^ .i9imHg_ and ^^ig.mg.mg^^^ [19]^  (ii) the 
excitation functions for the production of CF residues are 
well reproduced by theoretical calculations based on the 
statisucal code PACE [24], (iii) most of the residues produced 
by a-exit channels have contributions from ICF, (iv) the 
presence and relative contributions of ICF components have 
been further confirmed by independent experiment of the 
recoil range distribution measurements [20]. Further, analysis 
of the experimental data on the '*0-t-'^'Ta system revealed 
the presence of several residues which are not expected 
to be populated either by CF or ICF processes. Moreover, 
these residues were found to have charge and atomic mass 
values around half of the values for the residues produced 
by CF and/or ICF channels, indicating the possibility of their 
production through fission of the composite system formed 
via CF and/or ICF processes. It may be pointed out that these 
residues were identified not only by their characteristic y rays 
but also from their measured half lives. As a typical example, 
Fig. 2 shows the observed decay curve for an yttrium isotope 
(90m Y) The measured half-lives of all the fission-like residues 
were found to be in good agreement with their literature 
values [25]. Nuclear data such as half-lives, y-ray energies, 
etc., were taken from the Table of Isotopes [25] and Nuclear 
Wallet Cards [26]. The intensities of the characteristic y 
lines were used to determine the production cross sections 
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of different fission fragments using tfie formulations described 
elsewhere [23). The idenlilied lission fragmenls arc listed in 
the Table T, along with their spectroscopic properties. The 
independent and cumulative decay modes are marked by I and 
C. respectively, in the Table I. At 100-MeV beam energy the 
excitation energy (£*) of the composite system is «i67 MeV 
and the maximum value of the input angular momentum is 
C'max) ^44^, calculated using the expression 
= R 
v/2/x(£,,^. - Vc) (2) 
where R is the radius of the composite nucleus, ^, is the 
reduced mass, £c.m, is the center of mass energy, and Vc 
is the Coulomb barrier. Gilmore el al. [21] also studied the 
system '^0+'* 'Ta using the emulsion technique. From the 
analysis of their data, they [27] obtained the fission fragment 
cross sections which, in general, agree within the experimental 
errors to the values obtained in the present work. However, 
they also indicated enhanced value for angular momenta {Imax) 
^6)h instead of 447?. The enhancement has been attributed to 
the quadrupole deformation effects. In the present work, =^24 
fission fragments, formed as a results of the fusion-fission 
process, have been identified. These residues may be formed by 
(a) the direct fission of the CF and/or ICF residues (first chance 
fission) and/or (b) by the fission of CF and/or ICF residues 
after emission of few nucleons (second, third, etc., chance 
fission). As such, the measured cross-section data for a given 
lission fragmcnl is the cumulative sum of their population from 
various decay chains that may lead to the same final product. 
1000 2000 3000 . 4000 
Channel number 
FIG. I. (Color online) Typical y-ray spectrum of " ' 0 + ""Ta 
interactions at ~ 100 MeV, where y lines are assigned to the different 
reaction products expected to be populated via CFF and/or IFF 
processes. However, the peaks marked with blue squares correspond 
to the evaporation residues f 19]. 
Measured cross sections for the identified fission fragments 
along with evaporation residues (ERs) [19] both at 97 and 
100 MeV beam energies are given in Table II . 
A. Isotopic yield distribution of In and Y 
In general, for the heavy composite systems at moderate 
excitation energies, the nucleon emission competes directly 
with fission. The emission of higher charged particles is 
severely hindered because of the large Coulomb barrier. In such 
cases, nucleon emission from the fission fragments and^or the 
fission of successive elements of fission chains may give rise to 
the isotopic and isobaric distributions of the fission residues. 
TABLE I. Relevant nuclear data of the fission fragments identified in the present work. 
S. No. Nuclide Ey 
(keV) 
K-ray 
abundance (/„) 
Half life Fission 
decay mode 
I 
2 
3 
4 
5 
6 
7 
8 
9 
iO 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
"Zn"' 
"Ge 
"Kr 
iiY"! 
Hfty 
««Kr 
"JOY"' 
91 Y"' 
My 
""Ru 
"«ln 
""In 
""In"' 
"'In'" 
'"In"' 
"''Cd 
"'Sb 
'^'Xe 
'^'Sb 
'^ ^La 
"'Ci 
'"!'" 
'-"Nd 
"'Sm'" 
487.8, 120.8, 142.6 
262.78 
146.59 
787.95 
187.87 
165.98 
479.17 
554.21 
266.9 
413.5 
673.4 
626.209 
657.762 
537.22 
391.90 
344.459 
158.62 
132.98,252.1 
544.7 
567.17 
451.44 
173.7 
580.6 
196.88 
62 
II 
37.3 
1.57 
1.26 
3.104 
90.2 
95 
7.3 
2.27 
f.70 
1.47 
98 
87 
64.2 
17.9 
86 
2.17 
17.9 
15.7 
2.24 
8.8 
13 
74 
3.96 h 
82.78 min 
74.4 min 
4.86 h 
14.74 h 
2.84 h 
3.19h 
49.71 min 
IO.I8h 
4.44 h 
5,07m 
4.9 h 
69.1 min 
7.7 min 
99.47 min 
2.49 h 
2.80 h 
40.1 min 
4.40 h 
4.8 h 
3.51 h 
83.7 min 
38.5 min 
22.6 min 
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FIG. 2. (Color online) Typical decay curve of yttriu 
£i„b K 100 MeV. 
1 residue at 
However, as compared to the proton emission, the emission 
of neutrons is more probable and therefore in most of the 
cases only the isotopic yield distributions are experimentally 
observed. The total yield of the isotopes in a decay chain of 
Y^(A) may be related to the coiresponding primary fragments 
yield Y(A ) produced by successive neutron emission, using 
the relation 
Y\A) = J^P„Y(A\ (3) 
where A' (=A + n^vr) is the mass number of the fragment 
emitting n number of neutrons leading to the final reaction 
product with mass number A. The term P„ is the probability of 
neutron emission from the residue with mass number A'. The 
Gaussian distribution for the fragment and their production 
yields may be related by 
Yz -IA--A],f-/2a'-,^ 4^^  Y(A') = 
•j27Tal, 
. are the most probable mass and the variance 
of the fragment isotopic yield distribution and Yz is the residue 
yield. The total yield y^(/l) ofcorresponding decay chain may 
be obtained from the yield of evaporation residues Y{A ) using 
the equation 
Y^'iA). E^ " Yz V27Tai. „^(K-A'Sllal. (5) 
The mean-square deviation {a\) of the calculated isotopic 
yields Y^(A) from the experimentally determined production 
yields Y^(A) may be estimated by a chi-square fit, represented 
X' = (m 1) 
^ [YjiA) - Yf(A)f (6) 
The value of chi square (x^) was minimized using a nonlinear 
least-squares fit routine, keeping the width parameter a A- and 
TABLE II. Measured cross sections of the final products formed 
via CF and/or ICF or via fission in the '^0 + '*'Ta reaction at £|ai, = 
100 and 97 MeV. 
Nuclide 
•"Zn"' 
" G e 
" K r 
SSy" 
86 Y 
™Kr 
'Myin 
91 Y'" 
93 Y 
'"5Ru 
'"-•^In 
" » I n 
"»In '" 
" ' I n ' " 
' "In™ 
' " C d 
' " S b 
'^'Xe 
'^'Sb 
"^La 
"^Ce 
,32,, , , 
' " N d 
'^'Sm'" 
""Tl'" (3/1) 
""Tl* (3«) 
'*"T1"' (4n) 
"'TIS (4„) 
'"^Tl"' (5«) 
"^TF (5fl) 
' "Hg»(p3«) 
"•«Hg"'(p3«) 
'"^Hg (p4rt) 
' " H g « ( p 5 n ) 
" 'Hg'" (p5n) 
"2AU« (an) 
' "Au* ialn) 
'"'Au'' (a3«) 
£tah= 100 MeV 
rr (mb) 
2.6 ± 0 . 0 3 
23.6 ±0 .65 
6.5 ± 0 . 2 3 
27.4 ± 0 , 5 5 
86,1 ±12 .38 
46.8 ± 0 . 4 4 
2.3 ±0 .65 
1.5 ± 0 . 8 7 
i 0.4 ± 1 , 5 6 
46.9 ±0 .35 
17,83 ±3 ,566 
56.2 ±6 .523 
1,3 ± 0 . 2 5 
3.5 ± 0 , 6 
1,22 ± 0 , 6 4 
31.0 ± 0 . 5 9 
19.6±1,21 
32.3 ± 0 . 5 0 
5 .3±0 .12 
4 . 5 ± 2 . 1 8 
39,8±1,11 
1.6 ± 0 . 3 8 
25.6 ± 0 . 1 5 
5.7 ± 0 . 3 7 
1 ±0 .1 
1 ± 0 . 1 
0,1 ± 0 , 0 1 
17 ± 2 . 5 
222 ± 3 3 . 3 
222 ± 3 3 . 3 
1 0 ± 1 . 5 
6 ± 0 . 5 
154 ±23 .2 
14±2 .1 
18±2 .7 
50 ± 7 . 5 
22 ± 3 . 2 
21 ± 3 . 2 
£i.b = 97 MeV 
n (mb) 
1,3 ±0 .03 
25.4 ±0 ,90 
-
26,2 ±2 ,45 
60,6 ±8 ,56 
25.4 ±0 .12 
1.5 ±0 .42 
0.9 ±0 .58 
-
21.5 ±0 .06 
-
57.5 ±0.61 
1.0 ±0 .03 
-
24.2 ±0 .18 
10.9 ±0.01 
26.6 ±0.11 
4.8 ±0 .03 
-
16,5 ±0 ,40 
-
7,7 ±0 .04 
3 .0±0.15 
2 ± 0 . 3 
1,5 ± 0 . 2 
0,1 ±0.01 
15±2 .3 
171 ±25 .5 
171 ±25 ,5 
12±1 ,7 
8 ± 0 . 7 
1 3 1 ± 6 
7 ± 0 . 9 
8 ± 1 . 2 
63 ± 9 . 5 
14±2.1 
40 ± 5 . 9 
the most probable mass Ap as free parameters using ORIGIN 
software. In Eq. (6) m is the number of isotopes of a given 
element and p is the number of free parameters, which is 
equal to 2 in the present case. Experimentally determined 
isotopic yield distributions for indium ('°5-""•''°"''" ""• "3»'In) 
and yttrium (85m.86,90m,9im,93Y) isotopes are plotted in the 
upper and lower panels of Fig 3, respectively. Since, only 
the metastable states of '" '"• '" '"In in indium and '»""'"'"Y 
in yttrium have been measured, the total production cross 
section for these isotopes will be higher than the values 
shown, which is indicated by upward arrows (see Fig 3), The 
parameters for the isotopic yield distributions were obtained by 
fitting the respective production cross sections to the Gaussian 
distribution and are given in Table III. As a typical example for 
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95 
Mass Number (A) 
100 105 110 115 120 
TABLE IV. Comparison of isotopic yield distributions (o,^ ) for 
different fissioning systems. 
E 
10^ 
10^  
10° 
10' 
10^ 
10' 
10° 
-rn-1 
' \ ' \ ' 
-
9 
'. 1 Values expected to 
/ 
• 
r 
-
T ' • 1 
"'•^ 
j \ 
• 1 
\ 
go up. 
\ 
'-, 
1 1 \ 
w 
; Values expected to go up. 
1 , 1 , 1 , . 
' 
(a) 7 
• = 
: 
-; 
-
( b ) . 
. 
1 
-
1 
System 
"•0+""Ta 
160 _j_ 181J3 
16Q ^ 159^b 
160 + " ' T b 
"•0 + '='Tm 
'^0 + '5'Tm 
'Li + ^^Th 
'Li + '^^ Th 
"B + "-Th 
"B + ^3'Th 
" B + =^ -Th 
"B + "SU 
"B + "»U 
"Ne + -'«U 
2^ Ne + ™U 
20Ne + 208pb 
2»Ne + 2»Pb 
£* (MeV) 
67.041 
67.041 
57.1 
57.1 
61.06 
61.06 
41.7 
41.7 
55.7 
55.7 
55.7 
67.4 
67.4 
64.5 
64.5 
46.4 
46.4 
Element 
Y 
In 
Sr 
Y 
In 
Tc 
Sb 
I 
Sb 
I 
Cs 
Rb 
Cs 
Rb 
Cs 
Sb 
I 
"A' 
3.05 ±0.10 
4.16±0.01 
,3.31 
4.41 
4.24 
4.62 
4.08 
3.96 
4.0 
5.43 
3.72 
3.84±0.16 
3.95±0.I4 
4.23 ±0.40 
4.26 ±0.90 
3.43 ±1.02 
3.95 ±0.87 
Rets. 
[11 
[11 
[28] 
[281 
(281 
[281 
[29] 
[291 
[30] 
[30] 
[301 
[311 
[311 
[311 
131] 
[321 
[32] 
75 80 85 90 95 
Mass Number (A) 
100 
FIG. 3. (Color online) Isotopic yield distribution for (a) 
10.'-.I 10,110'", It I'll 
"In) indium and (b) ( 85m.86,90»i,9l/n,93 Y) yttrium 
"Present work. 
fractional isotopic independent yields FY'(Z) were obtained 
by dividing the independent yields by their corresponding 
charge yields. For deducing the total yield of mass A it is 
required to have Icnowledge of the isobaric charge dispersion 
isotopes in '^O + '»'Ta reaction at 100 and 97 MeV, respectively. p^^^^^i^^ „^ and the most probable charge Z„. The Z , for 
In isotopes, the values of A,, si 108.42 and ri/, % 2.08 compare 
well with the corresponding values of 107.88 and 2.06 reported 
for the ""O+'^'Tm system at E/A Rs 5.9 MeV by Singh etal. 
[28]. Furthermore, the variance aj^ reported in the literature 
for a large number of other fissioning systems are also shown 
in Table IV , along with the presently determined values of 
these parameters. As can be seen from this table, the rrj values 
determined in the present work are close to the literature values, 
as expected. It may be pointed out that a Gaussian distribution 
for isotopic mass distribution has been observed at excitation 
energy ~67 MeV corresponding to the incident energy =»100 
MeV. However, at the lower incident energy (^^97 MeV) only 
few isotopes were identified and therefore, their distribution 
could not be studied. For the sake of completeness, isotopes 
observed at ^ 9 7 MeV are marked by hollow circles in Fig. 3(a) 
and by squares in Fig. 3(b). The isobaric charge distribution 
is also important in the case of fission. The isobaric charge 
dispersion parameter was obtained from the measured isotopic 
mass distribution using the following prescription [30]. The 
TABLE III. Width (<TA ) of isotopic yield distributions for different 
observed fission residues. 
the yttrium and indium isotopes are calculated using 
Zp(A) = — A , (7) 
where Z and A are the atomic number and the atomic mass 
number of the fission fragment, respectively. The distribution 
of fractional chain yield vs the charge corrected isotopic 
fragments (Z-Zp) so determined is shown in Fig. 4. The solid 
lO ' r - ' -T -
10" 
' c 
,d 10"' 
-2-
1>-
Isotope Most probable mass 
Af 
Isotopic width 
2cr^ 
Values expected to go up 
10-
Indium isotopes 
Yttrium Isotopes 
. "Gaussian fit 
1 0 ^ ' ' * ' • • ' ' * ' • ' • ' ' • • • • • 1 • • • • • ' • • * 
Indium 
Yttrium 
108.42 
88.41 
4.16 
3.45 
- 4 - 2 0 2 4 
FIG. 4. (Color online) Fractional isotopic yield corresponding to 
corrected charge distribution. 
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curve of Fig. 4 is the Gaussian, given by 
y = ' -(z-z„)-/2(7J 
•JITO} (8) 
From the above fitting procedure, the estimated isobaric charge 
dispersion parameter oz has been found to be ^0.81 charge 
units. The values of(7z have also been calculated by converting 
the width parameter of isotopic yield a^ into az using 
Oz 
a A • Z 
(9) 
The calculated average value of width parameter az is found 
to be ^0.85 charge units, which is in good agreement with 
the value obtained from the conected charge distribution plot 
(Fig, 4). The above method indicates self-consistency of the 
present analysis. 
B. Mass distribution of fission fragments in " O + 
reaction 
'Ta 
Mass distribution is one of the important observables 
directly related to the collective dynamics of fission processes 
[33,34]. Activities measured in the catcher foils were used 
for the mass distribution studies. The plots of experimentally 
determined production cross sections (given in Table IVof var-
ious fission fragments at two different energies (£|nt, = 97 and 
100 McV) are shown in Figs. 5(a) and ,5(b). The upward arrows 
indicate that only the metastable states have been measured and 
10^ 
10" 
n 
E10 
1 0 ' 
10 ' ^ 
10 
10 
-pr-T-r-T-T-pr-r-r 
E, =100MeV (a) 
•E, , = 97MeV (b) 
60 80 100 120 
Mass Number (A) 
140 
FIG. .S. (Color online) Mass distribution of fission products in 
IOQ + '*'Ta reaction at (a) £u,h = 100 MeV and (b) But, = 97 MeV, 
respectively. Upward arrows indicate values expected to go up. The 
lines are drawn ihrougli the data points lor Gaussian lit. 
the total production cross sections of these fission fragments 
are expected to increase. These distributions were found to 
be symmetric, in general, as expected. Stability (stiffness) 
of the fissioning nucleus to mass-asymmetric deformation 
can be understood through observed mass distribution. To 
understand this aspect, Itkis et al. [35] and Rusanov et al. 
[36] analyzed a large collection of data over a wide range 
of fissilily of the compound nucleus at medium excitation 
energies. The calculated centroid, width, and variance of the 
mass distribution obtained in the present experiment were 
compared with the values reported in the literature for similar 
systems [37^1 ] . The mass distribution width a^ (^12.6 mass 
units) reported by Hinde etal. [37] for fission of-°'T1 is found 
to agree with the present measurements involving the nearby 
isotope ''^^Tl. Variance of fission fragment mass distribution 
for the same projectile ('*0) and different targets as a function 
of mass asymmetry {IU.=MT/MT+P) of interacting systems, 
taken from the literature, are shown as a bar diagram in Fig. 6. 
It may be observed from Fig. 6 that variance increases with 
mass asymmetry of the interacting ions. 
The experimental total fission cross section aj was ob-
tained by adding the measured cross sections for individual 
fission fragments. The value of a J at 97 and 100 MeV beam 
energies are found to be =»315 and =«500 mb. The total fission 
cross section has also been theoretically estimated using the 
statistical code ALICE [42], which employs a rotating liquid 
drop model [43]. In the present calculations, the fission barrier 
B[ is taken as sslS MeV and Of/a,, = 1.2 (where a/ and 
a„ are the level-density parameters for fission and neutron 
emissions, respectively). The calculated rrj (theory) are found 
to be ^500 and ^680 mb at energies 97 and 100 MeV, 
respectively. There is reasonable agreement in the theoretically 
calculated and experimentally measured fission cross section. 
However, presently measured total fission cross sections 
are relatively higher than the value obtained from angular 
distribution measurements [44]. Gilmore et al. [27] also 
measured the total fission cross section for the same system 
and obtained values, e.g., =»300 and ^430 mb at 97 V and 
500 
450 
400 
(I) 
g 350 
.5 
^ 300 
250 
200 
150 
' ' I ' ' ' ' I ' ' 
^ ^ ^ Shen 1987 
^ ^ ^ Goswami 1993 
fm^ Pant 2001 
mms Itkis 1995 
mm Itkis 1995 
^ ^ ^ ^ Present Work 
J i J2^ 
I 
0.920 0.925 0.930 0.935 
Mass Asymmetry 
FIG. 6. (Color online) Mass asymmetry vs variances for the 
.same projectile and different target combinations (Shen 1987 |39], 
Goswami 1993 [40], Pant 2001 [38], and Itkis 1995 [41]). 
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t 1 1 11 
[ • • f i r 
• * Compound Nucleus ERs * 
r • Fission Products ^  
v^ 
" Phys. Rev. C BO, 014601 (2009) 
^ Present work 
VA-
1 • ' 
t 
* 
* 
t 
1 , , 
- r - i - a 
: 
-
' " T l -
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],• 
60 80 100 120 140 190 200 
Mass Number (A) 
FIG. 7. (Color online) Scheinalicpiclurcollission Iragmcnlsand 
compound nucleus evaporation residues at £|ah ~ 6.5/n. The dotted 
lines are drawn through the data points to guide the eyes. 
100 MeV, respectively, which are in reasonable agreement 
with the present measurements. Figure 7 shows the distribution 
of cross sections lor all the residues idcntilicd in the present 
experiment. In principle, the cross section vs mass distributions 
for heavy-ion interactions may have three components due 
to (i) CF and/or ICF residues, (ii) fission-like residues, and 
(iii) few nucleon transfer residues or projectile-like fragments 
(PLFs). In Fig. 7, the peak at higher mass number may be 
attributed to the residues formed by CF and/or ICF processes, 
while the broad peak in the intermediate mass region may be 
assigned to fission events. The PLFs could not be detected 
in the present experiment because of their relatively higher 
energy and generally very short life times. 
IV. SUMMARY AND CONCLUSIONS 
In the present work, several fission residues in the system 
'^O 4- '^'Ta at 97 and 100 MeV were identified and their 
production cross sections obtained. The data were analyzed 
to deduce parameters for isotopic yield and isobaric charge 
di.5tributions. Mass distribution of the fission fragments was 
also obtained. The isotopic yield distributions are satisfactorily 
reproduced by Gaussian distribution. The distribution parame-
ters obtained from the present measurements agree reasonably 
well with the literature values. The analysis of the data further 
indicates that the mass asymmetry of the interacting ion 
has considerable influence of fission probabilities. The total 
fission cross section obtained from the present measurements 
agrees with some earlier measurements as well as with those 
calculated using angular momentum dependent rotating liquid 
drop fission barrier. 
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Observation of fission residues in the O + Ta system at Eiab = 6 MeV/A 
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Abstract. Present paper reports on the production cross-section of 24 fission like events (30 < Z < 60) formed 
via complete fusion-fission and/or incomplete fusion-tlssion processes in "'0+'* Ta system at energies =; 6 
MeV/A, Experiments have been performed using the recoil-catcher technique followed by off-line y-
spectroscopy. The measured cross-section of fission-like events is satisfactorily described by a statistical model 
code. Further, an attempt has been made to study the mass and isotopic yield distributions of fission fragments. 
The variance of the presently measured isotopic yield distributions has been found to be m agreement with the 
literature values for some other fissioning systems. 
1 Introduction 
Study of the interplay of fusion-fission processes in the 
heavy ion reactions has been an active area of 
investigation during the last decade. However, recent 
experimental data indicates the presence of nuclear 
fission even at low energies where the fusion is expected 
to be dominant [1-2]. On the basis of driving input 
angular momenta imparted into the system, the reactions 
may be categorized broadly into complete fusion (CF) 
and incomplete fusion (ICF) processes. Details of CF 
and/or ICF processes are given elsewhere [3]. Depending 
upon the beam energy and entrance channel mass 
asymmetry the compound nucleus formed as a result of 
CF and/or ICF may produce fragments which are 
characterstics of fission process. This is generally, 
referred to as complete fusion-fission (CFF) and/or 
incomplete fusion-fission (IFF). Nishio [4] has also 
reported that fission of incompletely fused composite 
nucleus is one of the dominant processes other than the 
fission of the composite system formed at intermediate 
energies. It has relevance in view of the fact that one of 
the most important observations in earlier studies was the 
discovery of asymmetric mass distribution in low energy 
fission of the majority of the actinides [5]. The 
asymmetric mass distribution may be explained on the 
basis of nuclear shell effects. Asymmetry in mass 
distribution decreases with the increase in excitation 
energy. In view of the above, the study of the dynamics 
of heavy ion (HI) collisions [6.7] and systematic studies 
of the competition of various reaction processes which 
contribute to the total cross sections are of considerable 
importance. 
In order to study the dynamics of the processes in the ' 'O 
+ '"'Ta system, a programme has been undertaken by our 
group. In the first part of the experiment, excitation 
functions for a large number of reacfions in this system 
were analysed to study the CF and ICF processes in the 
energy range ~ 76-100 MeV [8]. Further, experimental 
study for the same system has been done to interpret the 
competition between CF and/or ICF through recoil range 
distribution (RRD) measurements [8], A part of the data 
analysis involving observation of fission events is 
reported in this paper. To the best of our knowledge these 
measurements in the ""G+'^'Ta system have been done 
for the first time, 
2 Experimental Details 
Experiment has been performed using ""O'* beam from 
15UD pelletron accelerator at the Inter-University 
Accelerator Centre (lUAC), New Delhi, India, The thin 
target foils of isotopically pure (99,9%) Tantalum and Al-
catchers were prepared using rolling technique. The 
thickness of each target and catcher foil was determined 
by a-transmission method. The thicknesses of the 
samples were determined from the observed change in 
the energy of the a-particles by using standard stopping 
power values [9J and were found to be = 1,5 mg/cm' for 
Ta-targets and = 2,0 mg/cm^ for Al-catchers. The 
"phy,vijayraj@giTiail.com, ''bp.singhaiTiu@gmail.com 
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thickness of the Al-catchers was chosen keeping in view 
the fact that even the most energetic residues produced 
due to the complete momentum transfer (CMT) may be 
trapped in the catcher thickness. It may be pointed out 
that recoil energy of the composite system ( ' " T 1 ) formed 
as a resuh of CMT in 100 MeV "'0+""Ta is = 8 MeV. 
The range of these = 8 MeV heavy residues in Al is ~ 
0.408 mg/cm .^ As such, they are completely stopped in 
the catcher thickness used in the present work. The ""Ta-
foil samples and Al-catchers were cut into 1.2 X 1.2 cm^ 
size and pasted on Al-holders having concentric holes of 
1.0 cm diameter. Each target was followed by Al-catcher. 
The Al-holders were used for the rapid dissipation of heat 
produced during the irradiation. The irradiation has been 
carried out in the General Purpose Scattering Chamber, 
of 1.5m diameter having in-vacuum transfer facility, with 
a beam current = 10 pnA. A sketch of typical 
experimental set up is shown in Fig 1. The beam energy 
incident on the first target was 100 MeV. After an energy 
loss of = 3 MeV, while passing through first target-
catcher assembly the beam energy incident on second 
""Ta target was =; 97 MeV. Thus, in a single 
bombardment, two samples are irradiated. Keeping in 
view the half-lives of interest, irradiations have been 
carried out for = 8 hours. The beam flux was monitored 
using an ORTEC current integrator by taking into 
account the charge collected in the Faraday cup, placed 
behind the stack of target-catcher assembly. The activities 
Fig.l. Sketch of a typical experimental set-up used for the 
irradiation. 
produced in the samples were recorded off-line by HPGe 
detector of 100 c.c. active volume coupled to a 
CAM AC based software FREEDOM [10]. The detector 
used in this experiment was pre-calibrated for energy and 
efficiency using various standard y-sources viz., ' Co, 
'"Ba and '"EU at different source-detector separations. 
The target-detector separation was suitably adjusted so as 
to keep the dead time < 10 %. In order to detect and 
follow the residues of longer half-lives, the counting of 
irradiated samples has been done for a week or so. 
Further experimental details along with the factors that 
may introduce uncertainties in the measured cross-
sections are given elsewhere [11]. However, the overall 
errors in the measured cross-section are estimated to have 
uncertainties < 15%. 
3 Measurements and Analysis 
Our earlier studies [8] have indicated that the dominant 
CF and/or ICF residues produced in the interaction of 
"'0+'*'Ta system are 
system revealed the presence of several residues which 
are not expected to be populated either by CF and/or ICF 
processes. Moreover, these residues were found to have 
charge and atomic mass values around half of the values 
for the residues produced by composite systems formed 
as a result of fusion of projectile and the target nucleus, 
indicating the possibility of their production only through 
fission of composite systems. It may be pointed out that 
these residues were identified not only by their 
characteristic y-rays but also from their measured half 
lives. As a typical example the decay curve for the 
l>)3g.l')3m.l')2.l'Jlg.l91m Hg and 
l'M8.l')4m.l93g.l93lTll'J2B.I92niji 
''Au. Analysis of the l')2gl9lB.I'»E 
experimental data done in the present work on 'O + Ta 
100 200 300 
Lapse time (min) 
Fig. 2 A typical decay curve of Indium residue at Etab = 100 
MeV 
Indium (""in) residue identified by = 626 keV y-ray and 
= 4.9 h half-life (Tm) is shown in Fig 2. The measured 
half-lives of all the fission like residues were found to be 
in good agreement with their literature values [12]. A list 
of fission fragments identified in the present work, their 
y-ray energies, abundances etc., are given elsewhere [11]. 
In the present work, 24 fission fragments formed as a 
result of fusion-fission processes have been identified. 
These residues may be formed (a) by the direct fission of 
the CF and/or ICF residues (first chance fission) and/or 
(b) by the fission of CF and/or ICF after emission of a 
few nucleons (second, third, etc. chance fission). The 
cross-sections for the population of these residues were 
determined from the intensities of the characteristic y-
lines of the fission residues using the standard 
formulation [2]. Measured cross-sections for the 
idemified fission fragments both at 97 and 100 MeV 
beam energies are given in table 1. It may be pointed out 
that, the measured cross-sections data for a given fission 
fragment is the cumulafive sum of its population from 
various decay chains that may lead to the same final 
product [11]. 
3.1 Isotopic Yield Distribution 
In general, for heavy composite systems at moderate 
excitation energies nucleon emission competes directly 
with fission. The emission of higher charged particles is 
severely hindered because of the large Coulomb barrier. 
In such cases, nucleon emission from the fission 
fragments and/or the fission of successive elements of 
fission chains, may give rise to the isotopic and isobaric 
distributions of fission residues. However, as compared 
to proton emission, the emission of neutrons is more 
probable and therefore, in most of the cases only the 
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Table 1. Measured cross-section of the final fission residues via 
CFF and/or IFF at 97 and 100 MeV, respectively. 
S. No. 
1 
2 
3, 
4 
5. 
6 
7, 
8. 
9 
10 
11. 
12. 
13. 
14, 
15 
16. 
17. 
18, 
19. 
20 
21 
22. 
23. 
24. 
Residues 
"Zn 
''Ge 
"Kr 
Simy 
Sly 
««Kr 
ydmy 
yiniy 
«Y 
"^"liirl 
'»In 
""in 
"'"""In 
'"'"In 
"''"•m 
'"Cd 
'"Sb 
'^'Xe 
'«Sb 
'»La 
'^ ^Ce 
l.12m] 
'^ "Nd 
'^'Sm 
(T(mb) 
= 97 MeV 
l,3±0,03 
25,4±0,90 
-
26,2±2,45 
60 6±8,56 
25,4±0,12 
1,5±0,42 
0,9±0,58 
-
21 5±0.06 
-
57,5±06l 
1,0±0,03 
-
-
24,2±0,18 
10,9±0 01 
26,6±0,11 
4,8±0,03 
-
I6,5±0,40 
-
7,7±0 04 
30±0,!5 
o(mb) 
= 100 MeV 
2,6±0,03 
23,6±0,65 
6,5±0,23 
27,4±0,55 
86,1±I2,38 
46,8±0,44 
2,3±0.65 
1.5±0,87 
I0,4±l,56 
46.9±0,35 
17.83±3,6 
56,2±6.52 
1.3±0.25 
3.5i0.6 
1.22±0.64 
31,0±O,59 
I9,6±l,21 
32,3±0,50 
5.3±0,12 
4,5±2,18 
39,8±1.11 
1.6±0.38 
25.6±0.1S 
S.liOM 
isotopic yield distributions is experimentaUy observed. 
As a representative case experimentally determined 
isotopic yield distributions for Indium ( 105.110.1 Mini I3m In) 
isotopes at 100 MeV are plotted in Fig 3. Since, only the 
metastable states of "'"^"^"'|n for Indium isotopes have 
been measured, the total production cross-section for 
these isotopes will be higher than the values shown, 
which is indicated by upward arrows (see Fig 3). The 
isotopic yield distribution has been fitted to a Gaussian 
using the prescription given in ref. [11]. The value of chi 
square (x^) was minimized, keeping the width parameter 
OA' and most probable mass Ap' as free parameters in peak 
fitting software. 
10' . 
10" 
10 
f Values expected to go up 
Data at 100 MeV 
Data at 97 MeV 
- Gaussian fit 
95 120 100 105 110 115 
Mass Number (A) 
Fig.3. Isotopic Yield Distribution for ("«ii'"i"'iii™in) indium 
isotopes in ""'O+'^ 'Ta reaction at 100 MeV 
As a typical example for In isotopes the value of most 
probable mass Ap = 108.42 and of width parameter (OA = 
2.08) obtained in the present work compares well with 
the corresponding values of 107.88 and 2.06 reported, for 
"'O + " 'Tm system at E/A = 5.9 MeV. obtained by Singh 
et ai [2]. Furthermore, the variance OA^ reported in 
literature for a large number of other fissioning systems 
are shown in table 2, along with the value obtained for 
the present work. As can be seen from this table, the O/^ 
values determined in the present work are close to the 
literature values for some other fissioning systems. It may 
be pointed out that the Gaussian distribution of isotopic 
mass distribution has been observed at the excitation 
energy = 67 MeV corresponding to 100 MeV incident 
energy. However, at the lower Incident energy (= 97 
MeV) only few isotopes were identified and therefore, 
their distribution could not be studied. 
Table 2. Comparison of the variance (OA') of the isotopic yield 
distribution for different fissioning systems. 
System 
"0+""Ta 
"•0+""Ta 
"'0+"''Tb [2] 
"'0+"'''Tb [2] 
"'0+"^Tm [2] 
"•0+""Tm [2] 
'Li+^'^Th [22] 
'Li+^^^Th [22] 
"B+"^Th[23] 
"B+"''Th[23] 
"B+™Th[23] 
"B+"''U[24] 
"B+™U[24] 
Excitation 
energy 
E'(MeV) 
67.041 
67.041 
57,1 
57,1 
61.06 
61.06 
41.7 
41.7 
55.7 
55,7 
55,7 
67,4 
67,4 
Element 
Y 
In 
Sr 
Y 
In 
Tc 
Sb 
I 
Sb 
I 
Cs 
Rb 
Cs 
" A ' 
3,03 
4,32 
3,31 
4,41 
4.24 
4.62 
4,08 
3,96 
4,0 
5,43 
3.72 
384 
3,95 
3.2 Mass Distribution 
Mass distribution is one of the important observables 
directly related to the collective dynamics of fission 
process [13]. Cross-sections obtained from the activities 
measured in the target-catcher assembly were used for the 
mass distribution studies. The plots of experimentally 
determined production cross-sections (given in table 1) of 
various fission fragments at two different energies (E|ab = 
97 MeV and 100 MeV) are shown in Fig.4 (a) and (b), 
respectively. The upward arrows indicate that only the 
metastable states have been measured and the total 
production cross-sections of these fission fragments are 
expected to increase. These distributions have been found 
to be symmetric, in general, as expected. Stability 
(stiffness) of the fissioning nucleus to mass-asymmetric 
deformation can be understood through observed mass 
distribution. In order to understand this aspect Itkis et ai 
[14] analysed a large collection of data over a wide range 
of fissility of compound nucleus at medium excitation 
energies. The variance of the mass distribution obtained 
in the present have been compared for the same projectile 
( 'O) and dilTerent targets as a function of mass 
asymmetry (H=MT/MT+P) of interacting systems, taken 
from literature [15-18] and are shown as a bar diagram in 
Fig. 5. It may be observed from Fig.5. that variance of 
mass distribution increases with the mass asymmetry of 
the interacting ions. Further, the total experimental 
fission cross section (op^) has been obtained by adding 
the measured cross- sections for individual fission 
EP.1 Web of Conferences 
10^ 
10' 
10° 
1 0 ' 
E, =97 MeV 
60 80 100 120 
Mass Number (A) 
140 
Fig.4. The plots of experimentally determined production cross-
sections of various fission fragments at two different energies. 
fragments. The value of Op^  at = 97 and 100 MeV beam 
energies are found to be = 315 mb and = 500 mb. The 
total fission cross-section has also been 
theoretically estimated using statistical code ALICE [19], 
which employs a rotating liquid drop model [20], The 
calculated CTF^ values are found to be ~ 500 mb and = 680 
mb at energies 97 MeV and 100 MeV, respectively which 
is in reasonable agreement with the experimentally 
measured fission cross-sections, Gilmore et al [21] has 
also measured total fission cross-section for the same 
system employing emulsion technique. From the analysis 
of their data [21] they obtained the total fission cross-
sections = 300 mb and = 430 mb at 97 MeV and 100 
MeV. respectively which, in general, agree within 
experimental errors to the values obtained in the present 
work. However, it may be pointed out that the resolution 
and the detection efficiency of the present measurements 
arc significantly better than that of earlier work [21]. 
500 
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Fig.S. Bar diagrain of mass asymmetry vs variances for same 
projectile and different target combination, 
4 Summary and Conclusions 
In the present work several fission fragments populated 
via CFF and/or IFF processes in "'0+""Ta system at 97 
MeV and 100 MeV have been identified and their 
production cross-sections have been obtained. The data 
has been analyzed to deduce parameters of isotopic yield 
distributions. Mass distribution of fission fragments has 
also been obtained. The isotopic yield distributions are 
satisfactorily reproduced by Gaussian distribution. The 
distribution parameters obtained from the present 
measurements agree reasonably well with the literature 
values. The total fission cross section obtained from the 
present measurements agrees with some earlier 
measurements as well as with those calculated using 
angular momentum dependent rotating liquid drop fission 
barrier. An online experiment employing the fission 
detectors, by measuring the neutron multiplicity using the 
neutron array setup is proposed to get a detailed insight of 
fission dynamics for the system. 
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